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E Preface 


Many people have asked for whom this book has been written and the 
most honest answer must be that it has been written for ourselves. It is 
our hope that it will also be both instructive and entertaining for stu- 
dents and professionals at many levels. We hope it avoids the worst 
excesses of the skimpily edited multi-author texts written by specialists, 
but necessarily this means that we have had to tread warily in areas in 
which none of us has first-hand experience, let alone expertise. Although 
we have touched the front edges of the subject, we have also endeav- 
oured to provide an elementary basis with some historical background 
to all the topics covered. There has been no attempt to be comprehen- 
sive and we are aware that important topics that well qualify for inclu- 
sion in a book having the title Signal Transduction are conspicuous only 
by their absence. An obvious example must be the signalling processes 
that guide early embryonic development. Another is the field of signal 
transduction in plants. Throughout the period of writing, we have been 
the main beneficiaries as students of our own subject. As we learned 
more, we were encouraged to challenge, or at least to re-examine, some 
of the well-established dogmas. We have also learned to respect the wis- 
dom of our forebears, whose freedom of thought and sometimes 
serendipitous discoveries in the 19th and early 20th centuries led to the 
creation of the modern sciences of physiology, pharmacology and cell 
biology, and related clinical fields, especially endocrinology and 
immunology. 

The book conveniently divides in two parts. The first half (Chapters 1-9) 
provides the nuts and bolts of what might be termed ‘classical’ signal 
transduction. It concentrates mainly on hormones, their receptors, and 
the generation and actions of second messengers, particularly cyclic 
nucleotides and calcium. It was the advances in this area, particularly the 
discovery of the G-proteins, that originally gave rise to the expression ‘sig- 
nal transduction’, although the term ‘transduction’ was stolen from else- 
where. In the second half of the book, introduced by Chapter 10, attention 
is concentrated on transduction processes set in action by growth factors 
and adhesion molecules, particularly the covalent modification of pro- 
teins (by phosphorylation) and of inositol-containing lipids and their 
roles in the initiation of intracellular signalling cascades. An important, 
though not exclusive, impetus to research in this area has been the quest 
to understand the cellular transformations underlying cancer, with the 


hope of devising effective therapeutic procedures. The gestation of the 
word ‘cancer’ has a long history, well revealed by its description in the 
dictionaries. 

In preparing the book, we have had the benefit of advice and opinions 
given by friends and colleagues. These include Raj Patel (and his col- 
leagues, particularly John Challiss, Jonathan Blank and David Critchley) 
at the Department of Biochemistry, University of Leicester) who, 
between them, read the complete script. Leon Lagnado (MRC Labor- 
atory for Molecular Biology, Cambridge) read Chapters 1-6 and advised 
us particularly on the topic of visual transduction. Sussan Nourshargh 
(Imperial College School of Medicine at Hammersmith Hospital) advised 
on matters relating to cell adhesion and trafficking (Chapters 14 and 15). 
Greta Matthews read the entire script and gave much valuable advice. 
Alexander Levitzki (Department of Biochemistry, Hebrew University 
Jerusalem) encouraged us to disregard dogma when discussing the 
activation of G-proteins. We are also indebted to Peter ten Dijke 
(Netherlands Cancer Institute, Amsterdam) who read Chapters 10 and 
16, Fergus McKenzie (Amersham Pharmacia, Cardiff) who read Chapters 
11, 12 and 17, and the essay describing the cell cycle in Chapter 10, 
Lodewijk Dekker (Department of Medicine, University College London) 
who read part of Chapter 9, and Patricia Cohen (MRC Protein Phosphor- 
ylation Unit, University of Dundee) for her help and advice on the ser- 
ine-threonine phosphatases. Elizabeth Genot (European Institute of 
Chemistry and Biology, Bordeaux) provided valuable advice on matters 
relating to the activation of T cells (Chapter 12). Steve Watson (Depart- 
ment of Pharmacology, University of Oxford) and Chris Richards 
(Department of Physiology, University College London) gave invaluable 
support and advice on matters relating to calcium. Geoffery Strachan 
advised on the translation of French and German texts into contem- 
porary (19th century) English. 

Many others, too numerous to name individually, have given us the 
benefit of their knowledge and understanding. In acknowledgement of 
their contribution we offer the following quotation from a paper dated 
1878, entitled On Pituri by one of the pioneers (‘A new second messenger 
is discovered’, page 146) of signal transduction. 


ON PITURI. By SYDNEY RINGER, M.D., and WILLIAM MURRELL, M.R.C.P, 
Lecturer on Practical Physiology at the Westminster School of Medicine, and 
Assistant Physician to the Royal Hospital for Diseases of the Chest 

QUITE recently a student of University College, London, whose, name we have 
unfortunately forgotten, gave us a small packet containing a few twigs and bro- 
ken leaves of the powerful and interesting drug, Pituri. These we placed in Mr 
Gerard's hands, and he kindly made first an extract from which he obtained a 
minute quantity of an alkaloid, and with this he made a solution containing one 
part of the alkaloid to twenty of water Baron Mueller, from an examination of 
the leaves of pituri, is of opinion that it is derived from Duboisia Hopwoodil. 
Pituri is found growing in desert scrubs from the Darling River and Barcoote 
to West Australia. The natives, it is said to fortify themselves during their long 
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foot marches, chew the leaves for the same purpose as Cocoa leaves are used 
in Bolivia. Dr G Bennett in the New South Wales Medical Gazette, May, | 873, 
says Pituri is a stimulating, narcotic and is used by the natives of New South 
Wales in like manner as the Betel of the East. It seems to be a substitute for 
tobacco. It is generally met with in the form of dry leaves, usually so pulverized 
that their character cannot be made out. 

The use of pituri is confined to the men of a tribe called Mallutha. Before any 
serious undertaking, they chew these dried leaves, using about a tea-spoonful. 
A few twigs are burnt and the ashes mixed with the leaves. After a slight 
mastication the bolus is placed behind the ear (to increase it is supposed its 
strength), to be again chewed from time to time, the whole being at last swal- 
lowed. The native after this process is in a sufficiently courageous state either 
to transact business or to fight. When indulged in to excess, it is said to induce 
a condition of infuriation. In persons not accustomed to its use pituri causes 
severe headache. 


Of course, the authors of this paper would themselves never have heard 
the expression ‘signal transduction’ and it would be a further 100 years 
before it made its appearance in the biological literature. The sensations 
brought about by pituri, an alkaloid that Ringer and Murrell described as 
sharing some of the pharmacological properties of atropine (courage, 
infuriation, frustration and headaches), are not dissimilar to those ex- 
perienced by us in the writing of this book. However, we have never come 
to blows, never even felt the need to fight. Although it was drafted by three 
authors, the aim throughout has been to present a book written as if by 
one mind, one pair of hands. Of course, we all have our own particular 
fields of interest and (hopefully) expertise and we were individually 
responsible for the original drafting of particular chapters and sections. 
However, there is not a line of the book that has not been read, replaced, 
rewritten, expanded, cut or otherwise altered so that in the end, we hope 
that the text has a consistent style throughout. 
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Berman, H.M., Westbrook, J., Feng, Z. et al. The protein data bank. Nucleic 
Acid Res. 2000; 28: 235-42 (http://www.rcsb.org/pdb/). 


For chemical structures we wish to acknowledge the use of the EPSRC’s 
Chemical Database Service at Daresbury: 

Fletcher, D.A., McMeeking, R.F, Parkin, D. The United Kingdom Chemical 
Database Service. J. Chem. Inf. Comput. Sci. 1996; 36: 746-9. 


Protein structures have been generated using Rasmol and CHIME: 

Sayle R., Milner-White, E.J. RasMol: Biomolecular graphics for all. Trends 
Biochem. Sci. 1995; 20: 374. 
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E References 


We have tried to provide original text sources to nearly all the statements, 
experiments and discoveries discussed. The main reason for this is that 
we ourselves have necessarily had to extend the treatment of nearly all the 
topics presented far beyond the areas of our own experience or expertise. 
Thus, the comprehensive lists are there to provide us with some sort of 
reassurance that what we have written has not simply been conjured out 
of the air. Also, because we have made a particular feature of presenting 
original historical source material by quotation, which necessarily 
required referencing, it seemed logical also to include literature refer- 
ences to modern sources as well. Thus we hope that this book may serve 
as a valuable resource, in the manner of a basic literature review, for any- 
one wanting to explore further. 


E Abbreviations 


The definitions of all the main abbreviations used in this book can be 
found in the index. 


E Genes and gene products 


According to convention, acronyms printed in lower case indicate genes 
(e.g. ras), capitalized acronyms indicate their protein products (Ras). The 
genes of yeast are printed in upper case (RAS). The prefixes v- and c- indi- 
cate viral or cellular origin (v-Ras, c-Ras). 
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From the Shorter Oxford English Dictionary (3 edition, 1944, with cor- 
rections 1977): 


Transduction (trans,dzkfan). rare. 1656. 
Ce L, tra(us)ductionem, tra(us)ducere; see 
RADUCE,] The action of leading or bringing 
across. 


Traduce (tradi#’s),v. 1533. [ad. L. tradu- 
cere to lead across, etc. ; also, to lead along as 
a spectacle, to bring into disgrace; f. trans 
across + ducere to lead.) 1. trans. To convey 
from one place to another; to transport -1678, 
+b. To translate, render; to alter, modify, re- 
duce -18s0. ‘fe. To transfer from one use, 
sense, ownership, or employment to another 
-1640, ‘2. To transmit, esp. by generation 
-1733. tb. éransf. To propagate -1711. tc 
To derive, deduce, obtain from a source —1709. 
3. To speak evil of, esp. (now always) falsely or 
maliciously ; to defame, malign, slander, calum- 
niate, misrepresent 1586, +b. To expose (to 
contempt); to dishonour, disgrace (rave) —1661, 
+4. To falsify, misrepresent, pervert -1674. 

1. b. Milton has been traduced into French and 
overturned into Dutch Sourngy. 2. Vertue is not 
traduced in propagation, nor learning bequeathed by 
our will, to our heires 1606. 3. The man that dares 
t., because he can With safety to himself, is not a man 
Cowper. b. By their own ignoble actions they t., 
that is, disgrace their ancestors 166r. 4. Who taking 
Texts .. traduced the Sense thereof 1648 Hence 
Tradu‘cement, the, or an, action of traducing ; dee 
famation, calumny, slander. Tradu‘cingly adv. 


from The Oxford English Dictionary (2nd edition) On Compact Disc: 


transduction (tra:ns’dok J en, trens-). 
[ad. L. transduction-em (usually traductionem), n. ofactionf. tra(ns)dfucere: 
see TRADUCE.] 


1. 


The action of leading or bringing across. rare. 

1656 Biount Glossogr., Transduction, a leading over, a removing from 
one place to another. 

a1816 BentHam Offic. Apt. Maximized, Introd. View (1830) 19 In lieu of 
adduction, as the purpose requires, will be subjoined abduction, 
transduction,..and so forth. 

The action or process of transducing a signal. 

1947 Jrnl Acoustical Soc. Amer. XIX. 307/1 It is rather interesting that 
the direct method of electronic transduction, instead of the indirect 
method of employing a conventional transducer and then amplifying 
the output with a vacuum tube, has not been developed. 

1970 J. EARL Tuners & Amplifiers iv. 87 Low impedance pickup 
cartridges using the moving-coil principle of transduction. 

1975 Nature 17 Apr. 625/1 The transduction of light energy into neural 
signals is mediated in all known visual systems by a common type of 
visual pigment. 

Microbiology. The transfer of genetic material from one cell to 
another by a virus or virus-like particle. 

1952 ZINDER & LEDERBERG in Jrnl. BacterioL LXIV. 681 To help the 
further exposition of our experiments, we shall use the term trans- 
duction for genetically unilateral transfer in contrast to the union of 
equivalent elements in fertilization. 

1960 [see F Ill. 1 1). 

1971 Nature 18 June 46611 It has been suggested that transduction of 
genes by viruses was an important mechanism in evolution for 
spreading useful mutations between organisms not formally related. 

1977 Lancet 9 July 94/2 These were derived by selection of sensitive 
variants from gentamicin-resistant strains or by transduction of this 
resistance to sensitive strains. 

Hence 

trans’ductional a., of or pertaining to (genetic) transduction. 

1956 Genetics XLI. 845 (heading) Linear inheritance in transductional 
clones. 

1980 Jrnl. Gen. Microbiol. CXIX. 51 Transductional analysis revealed 
that one of the four mutations carried by strain T-693 was responsible 
for constitutive synthesis of both isoleucine and threonine biosyn- 
thetic enzymes. 


(© Oxford University Press) 


Prologue: Signal 
transduction, origins and 
personalities 


E Transduction, the word and its meaning: one dictionary, 
different points of view 


The expression signal transduction first made its mark in the biological lit- 
erature around 1974,' and as a title word in 1979. Physical scientists and 
electronic engineers had earlier used the term to describe the conversion 
of energy or information from one form into another. For example, a micro- 
phone transduces sound waves into electrical signals. Its widespread use in 
biospeak was triggered by an important review by Martin Rodbell, pub- 
lished in 1980 (Figure 1.1).5 He was the first to draw attention to the role of 
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Figure 1.1 Occurrence of the term signal transduction. The left-hand axis records 
all papers using this term traced through the MedLine database. The right-hand axis 
records the proportion of papers using the term cell that also use the term signal 
transduction. 


—————— es 
Alfred G Gilman and Martin 
Rodbell, awarded the Nobel 
Prize, 1994 “for their 
discovery of G-proteins and 
the role of these proteins in 


signal transduction in cells” 


Ea 


Steroids, prostaglandins, etc. 
are hydrophobic and do, of 
course, traverse cell 
membranes where they 
interact with intracellular 
receptors. 
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GTP and GTP-binding proteins in metabolic regulation and he deliberately 
borrowed the term to describe their role. By the year 2000, 12% of all papers 
using the term cell also employed the expression signal transduction. 


E Hormones, evolution and history 


These chemical messengers ...or‘hormones' (from óppoæ, meaning | excite or 
| arouse), as we may call them, have to be carried from the organ where they 
are produced to the organ which they affect, by means of the bloodstream, 
and the continually recurring physiological needs of the organism must deter- 
mine their repeated production and circulation throughout the body. 


E The plasma membrane barrier 


In the main, when we consider signal transduction we are concerned 
about how external influences, particularly the presence of specific hor- 
mones, can determine what happens on the inside of their target cells. 
There is a difficulty, since the hormones, being mostly hydrophilic (or 
lipophobic) substances are unable to pass through membranes, so that 
their influence must somehow be exerted from outside. 

The membranes of cells, although very thin (3-6 nm) are effectively 
impermeable to ions and polar molecules. Although K* ions might achieve 
diffusional equilibrium over this distance in water in about 5 ms, they 
would take some 12 days (280 h) to equilibrate across a phospholipid 
bilayer (under similar conditions of temperature, etc.). Likewise, the per- 
meability of membranes to polar molecules is low. Even to small molecules 
such as urea, the permeability of membranes is about 10‘ times lower than 
to water. So, fora hormone such as adrenaline the rate of permeation is too 
low to measure. The evolution of receptors has accompanied the develop- 
ment of mechanisms which permit external chemical signalling mole- 
cules, the first messengers, to direct the activities of cells in a variety of ways 
with high specificity and precise control in terms of extent and duration. 
With few exceptions (the steroid hormones, thyroid hormone), they do this 
without ever needing to penetrate their target cells. 


E Protohormones 


The first messengers (which include the hormones), and their related 
intracellular (second) messengers, are of great antiquity on the biological 
timescale. It is interesting to consider which came first: the hormones or 
the receptors that they control? Substances recognized as having the 
actions of hormones in animals first made their appearance at early 
stages of evolution (Figure 1.2). Chemical structures closely related to thy- 
roid hormones have been discovered in algae, sponges and many inverte- 
brates. Steroids such as oestradiol are present in microorganisms and also 
in ferns and conifers. Catecholamines have been found in protozoa’! and 
ephedrine, which is closely related, can be isolated from the stems and 
leaves of the Chinese herb Ma Huang (Ephedra sinica). It is still in use as 
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an oral stimulant in the treatment of hypotension (low blood pressure) 
and in the relief of asthma. It is not only the low-molecular-weight 
hormones which are present in the cells of organisms which have no 
hormone/receptor responses; there are claims, based on immunological 
detection, for the presence of peptides related to insulin and the endor- 
phins in protozoa, fungi, and even bacteria.” For these compounds no 
messenger-like function has been discerned in their species of origin and 
it is likely that the receptors that mediate their effects in animals evolved 
much later. 

The a- and a-type mating factors of yeast which certainly act as mes- 
sengers are very similar in structure to the gonadotrophin-releasing 
hormone (GnRH) that controls the release of gonadotrophins from the 
anterior pituitary in mammals.'" Factors resembling the mammalian 
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Figure 1.2 Emergence of signalling hormones (adapted from Baulieu'’). 
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atrial natriuretic factors (ANF) are present in the cytosol of the single-cell 
eukaryote Paramecium multimicronucleatum'’ and in the leaves of 
many species of plants where they act as regulators of solvent and solute 
flow and of the rate of transpiration.’* Adrenocorticotrophic hormone 
(ACTH) and B-endorphin are present in protozoa. These also contain 
high-molecular-weight precursors of these peptides reminiscent of the 
vertebrate pro-opiomelanocortin (POMC).!>'° It is striking that pathways 
for the biosynthesis of these ‘protohormones’, often complex, were estab- 
lished early on, well before the evolution of membrane receptors. 

Receptor-like proteins in non-animal cells have been much harder to 
identify. A recently described example is a protein expressed in the plant 
Arabidopsis that shares extensive sequence homology with the ionotropic 
glutamate receptor (iGluR) of mammalian brains.” A corollary arising 
from this is the possibility that the potent neurotoxins thought to be gen- 
erated in defence against herbivores may have their origin as specific ago- 
nists, and were only later selected and adapted in some species as 
poisons. Molecules having a close relationship to the epidermal growth 
factor (EGF) and insulin receptors apparently evolved in sponges prior to 
the Cambrian Explosion, and it has been proposed that they may have 
contributed to the rapid appearance of the higher metazoan phyla.” 

In general, however, it appears that many of the molecules that we 
regard as hormones arose long before the receptors that they control. An 
important consequence of this is that the responses to a given hormone 
can vary widely across different species and even within species. Numer- 
ous actions of prolactin have been identified.'* It is the regulator of 
mammary growth and differentiation and of milk protein synthesis in 
mammals. In birds, it acts as a stimulus to crop milk production and in 
some species as a controlling factor for fat deposition and as a determi- 
nant of migratory behaviour.”?*' It is a regulator of water balance in newts 
and salamanders (urodeles) and of salt adaptation and melanogenesis in 
fish.!® Serotonin (5-hydroxy tryptamine), a neurotransmitter that controls 
mood in humans, is reported to stimulate spawning in molluscs, prob- 
ably as a consequence of its conversion to melatonin (one wonders 
whether it affects their mood as well). 


E  Protoendocrinologists 


Despite excellent anatomical descriptions, almost nothing was known 
about the functions of the various organs which constitute the endocrine 
system (glands) until the last decade of the 19th century. Indeed, in the 
standard textbook of the period (Foster's Textbook of Physiology, 3 vol- 
umes and more than 1200 pages), consideration of the thyroid, the pitu- 
itary, the adrenals (‘suprarenal bodies’) and the thymus is confined to a 
brief chapter of less than 10 pages, having the title ‘On some structures 
and processes of an obscure nature’. 

The initial impetus prompting the systematic investigations which led 
to the discovery of the hormones can be ascribed to a series of papers that 
were much misunderstood. 
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The possibility of reversing the pain of old age by injecting the seminal 
fluid of dogs and guinea-pigs into human subjects might be considered 
the hopeless imaginings of a charlatan. However, here we are discussing 
the work of Charles Edouard Brown-Séquard, the successor of Claude 
Bernard at the Collége de France and also a member of leading scientific 
academies in England and the USA. He had held professorial appoint- 
ments at both Harvard and Virginia; in London he was appointed physi- 
cian at the National Hospital for the Paralysed and Epileptic (later the 
National Hospital for Nervous Diseases, now the National Hospital for 
Neurology and Neurosurgery). He was an associate of Charles Darwin and 
Thomas Huxley. He wrote over 500 papers relating to many diverse fields 
such as the physiology of the nervous system, the heart, blood, muscles 
and skin, the mechanism of vision, and much more. He was an outstand- 
ing experimentalist making fundamental contributions. Starting with his 
doctoral thesis, he described the course of motor and sensory fibres in the 
spinal cord, a field to which he returned many times. He was in constant 
demand as lecturer, teacher and physician on both sides of the Atlantic, 
crossing the ocean on more than 60 occasions. Of direct relevance to us 
must be his demonstration that the adrenal glands are essential to life. 

In view of all this, it is curious that Brown-Séquard is now all but for- 
gotten. On the rare occasions when he is recalled, it is generally in con- 
nection with a series of brief reports, published in 1889, in which he 
described the self-administration, by injection, of testicular extracts, 
which he considered had the effect of reinforcing his bodily functions. 

Some brief quotations from his paper in the Lancet must suffice:*° 


| am seventy-two years old. My general strength, which has been considerable, 
has notably and gradually diminished during the last ten or twelve years. Before 
May [Sth last, | was so weak that | was always compelled to sit down after 
about half an hour's work in the laboratory. Even when | remained seated all 
the time | used to come out of it quite exhausted after three or four hours of 
experimental labour... 


The day after the first subcutaneous injection, and still more after the two suc- 
ceeding ones, a radical change took place in me, and | had ample reason to say 
and to write that | had regained at least all the strength | possessed a good 
many years ago... 


My limbs, tested with a dynamometer for a week before my trial and during 
the month following the first injection, showed a decided gain of strength ... 


| have measured comparatively, before and after the first injection, the jet of 
urine in similar circumstances — i.e., after a meal in which | had taken food and 
drink of the same kind and in similar quantity. The average length of the jet 
during the ten days that preceded the first injection was inferior by at least one 
quarter of what it came to be during the twenty following days. It is therefore 
quite evident that the power of the spinal cord over the bladder was consid- 
erably increased ... 


In writing these paragraphs, 
we have relied heavily on the 
work of Victor Medvei,”? 
Michael Aminoff? and 
Horace Davenport.”* 


SECONDE NOTE SUR LES 
EFFETS PRODUITS CHEZ 
L'HOMME PAR DES 
INJECTIONS SOUS- 
CUTANEES D'UN LIQUIDE 
RETIREE DES TESTICULES 
FRAIS DE COBAYE ET DE 
CHIEN. 

par M. BROWN-SEQUARD. 
(Communication faite le 15 juin) 


Non seulement il n'y a pas à 
s'étonner que l'introduction 
dans le sang de principes 
provenant de testicules de 
jeunes animaux soit suivie 
d'une augmentation de 
vigeur, mais encore on devait 
s'attendre à obtenir ce 
résultat. En effet, tout 
montre que la puissance de 
la moelle, épinière et aussi, 
mais à un moindre degré, 
celle du cerveau, a, chez 
l'homme adulte ou vieux, des 
fluctuations liées à l’activité 
fonctionnelle des testicules. 
Aux faits que j’ai 
mentionnés, à cette régard, 
dans la séance du |" juin, je 
crois devoir ajouter que les 
particularités suivantes ont 
été observées un très grand 
nombre de fois, pendant 
plusieurs années, chez deux 
individus àgés de quarante- 
cing à cinquante ans. Sur 
mon conseil, chaque fois 
qu'ils avaient à exécuter un 
grand travail physique ou 
intellectuel, ils se mettaient 
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| will simply say that after the first ten days of my experiments | have had a 
greater improvement with regard to the expulsion of faecal matters than in any 
other function. In fact a radical change took place, and even on days of great 
constipation the power | long ago possessed had returned. 


Finally, in a footnote: 


It may be well to add that there are good reasons to think that subcutaneous 
injections of a fluid obtained by crushing ovaries just extracted from young or 
adult animals and mixed with a certain amount of water, would act on older 
women in a manner analogous to that of the solution extracted from the tes- 
ticles injected into old men. 


Possibly Brown-Séquard should be regarded as the father of HRT, but he 
was certainly not the inventor of organotherapy, the attempt to cure human 
disease by the introduction of glandular extracts from other animals. 

Indeed, Gaius Plinius Secundus (known as Pliny the Elder, 23-79 ce) 
recorded his contempt of the Greeks who used human organs therapeuti- 
cally although he did recommend the use of animal tissues, in particular 
that the testicles of animals should be eaten in order to cure impotence or 
to improve sexual function in men, and that the genitalia of a female hare 
should be eaten by women in order to achieve pregnancy.” 

Ever mindful of the possibility of autosuggestion, Brown-Séquard 
pleaded that others should examine his claims and to consider them with 
objectivity. What a hope! But if any doubts remained, he went on record 
saying:”© 


Not only should one not be astonished that the introduction into the blood 
of principles deriving from the testicles of young animals be followed by an 
augmentation of vigour, but that this result should not have been foretold. 
Actually, everything demonstrates that the strength of the spinal cord and also, 
but to a lesser degree, that of the brain, has, in the male adult or the old, some 
variations linked to the activity of the testicles. To the facts which | have already 
mentioned in this regard in the meeting of | June, | believe one must add the 
following observations made a large number of times, over many years on two 
individuals aged 45 to 50 years old ... On my advice, each time they had to 
undertake weighty activity, either physical or intellectual, they put themselves 
into a state of sexual excitement, but avoiding any ejaculation. The testicles thus 
acquired a strong temporary activity in function which was followed rapidly by 
the desired rise in the power of the nervous system. ... 
News travels fast and good news travels even faster. Within weeks this 
was the subject of an editorial paragraph in the British Medical Journal 
under the heading THE PENTACLE OF REJUVENESCENCE:2” 


On two occasions this month Dr. Brown-Séquard has made communication of 
a most extraordinary nature to the Societé de Biologie of Paris. The statements 
he made — which have unfortunately attracted a good deal of attention in the 
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public press — recall the wild imaginings of mediaeval philosophers in search 
of an elixir vitae.... MM Féré and Dumontpallie, in commenting on M. 


dans un état de vive 
excitation sexuelle, en 


évitant cependant toute 
éjaculation spermatique. Les 
glandes testiculaires 
acquéraient alors 
temporairement une grande 
activité fonctionnelle, qui 
était bientôt suivie de 
l'augmentation désirée dans 
la puissance des centres 
nerveux. 


Brown-Séquard’s statements, observed that they would require to be rigidly 
tested and fully confirmed by other self-experimenters before they were 
likely to meet with general acceptance, and in this opinion we fully concur. 


This rather measured account by the editors of the BMJ contrasts with 
the reaction on the other side of the Atlantic, where it was taken up as: 


THE New ELIXIR oF YOUTH. — Dr Brown-Séquard's rejuvenating fluid is said to have 
been tried at Indianapolis on a decrepit old man with marvellous effect. Four 
hours after the injection the patient walked over a mile in twenty-five minutes. 
He declared that he felt more vigorous than he had done for twenty-five years. 
He read a newspaper without glasses, a thing he had not been able to do for 
thirty years. It should be added that no medical authority is given for this story. 


Pentacle A five-pointed 
star, of supposed 
supernatural significance. 


With all this happening, possibly he began to harbour some doubts, as 
he wrote: 
In the United States especially, and often without knowing what | did or the 
most elementary rules regarding injections of animal materials, several physi- 
cians or rather the medicasters and charlatans have exploited the ardent 
desires of a great number of individuals and have made them run the greatest 
risks, if they have not done worse. 


In England the reaction remained negative: 
A Memper OF THE MEDICAL PROFESSION writes: You have not done me justice by 
your note on my circular relative to Dr. Brown-Séquard’s experiments. Much 
as | disapprove of the animal torture in question, | should not have felt it my 
duty to print and post some 6,000 copies of my protest had that been all. | 
consider the idea of injecting the seminal fluid of dogs and rabbits into human 
beings a disgusting one, and when the treatment also involves the practice of 
masturbation, | think it is time for the medical profession in England to repudi- 
ate it. One may be a vivisector without also encouraging a loathsome vice, but 
as far as | could discover no word of protest was uttered by the leaders of the 
medical opinion, and | determined to take the thing into my own hands, with 
the effect, as | have good reason to believe, of making it very improbable that 
this method of pretended rejuvenescence will be introduced into England. | 
have a great number of encouraging letters from eminent Englishmen, who will 
take good care of this, at least. Vivisection may be an open question, but self 
abuse is not.” 


Dr Edward Berdoe, who was also a member of the profession, left little 
doubt about his feelings on the matter: 


the object of these abominable proceedings is to enable broken down old lib- 
ertines to pursue with renewed vigour the excesses of their youth, to rekindle 


And respectable it remained, 
anyway in France, where in 
the 1920s Serge Voronoff 
was treating elderly 
gentlemen by implanting 
sections of chimpanzee or 
baboon testicles, the so- 
called ‘monkey glands’.*° R.V. 
Short?! speculates that his 
patients may have been the 
first humans to become 
infected by HIV-1.Were it 
not for the fact that they 
remained impotent, the 
disease might have exploded 
on a world even less 
prepared than it was at the 
century's end. One might 
reasonably imagine that an 
AIDS epidemic originating at 
that time could have changed 
the course of European 
history. 


Schafer’s own account of his 
first meeting with George 
Oliver relates events that 
may have taken place on a 
another planet from Dales’ 
version:*5 


‘In the autumn of 1893 there 
called upon me in my 
laboratory in University 
College a gentleman who 
was personally unknown to 
me, but with whom I had a 
common bond of interest — 
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the dying embers of lust in the debilitated and aged, and to profane the bod- 
ies of men which are the temples of God, by an elixir drawn from the testicles 
of dogs and rabbits by a process involving the excruciating torture of innocent 
animals... . We may have also a new race of beings intermediate between man 
and the lower animals as a remoter consequence of the boon to humanity 
conferred by French physiology.” 


Like it or not, many physicians, aware of Brown-Séquard’s publications, 
were eager to test the possibilities of applying various organ extracts in 
their practice. Within a year or two, organotherapy was becoming 
respectable.*°*! 

In a letter to his colleague Jacques Arsene d’Arsonval (quoted by 
Borell*?) Brown-Séquard said that ‘the thing’ was ‘in the air’. What made it 
especially so was probably George Redmayne Murray’s report” on the 
treatment of myxoedema. He described a patient who went on to survive 
with regular injections of sheep thyroid extract for a further 28 years. 

Henry Dale's description of the discovery of adrenaline cannot be 
bettered:345 
Dr George Oliver, a physician of Harrogate, employed his winter leisure in 
experiments on his family, using apparatus of his own devising for clinical meas- 
urements. In one such experiment he was applying an instrument for measur- 
ing the thickness of the radial artery; and, having given his son, who deserves a 
special memorial, an injection of an extract of the suprarenal gland, prepared 
from material supplied by the local butcher, Oliver thought that he detected a 
contraction, or, according to some who have transmitted the story, an expan- 
sion of the radial artery. Which ever it was, he went up to London to tell 
Professor Schafer what he thought he had observed, and found him engaged 
in an experiment in which the blood pressure of a dog was being recorded; 
found him, not unnaturally, incredulous about Oliver's story and very impatient 
at the interruption. But Oliver was in no hurry, and urged only that a dose of 
his suprarenal extract should be injected into a vein when Schäfer's own 
experiment was finished. And so, just to convince Oliver that it was all non- 
sense, Schäfer gave the injection, and then stood amazed to see the mercury 
mounting in the arterial manometer till the recording float was lifted almost 
out of the distal limb. 


Thus the extremely active substance formed in one part of the suprarenal 

gland, and known as adrenaline, was discovered. 

Within a few months, Oliver and Schafer had demonstrated that the 
primary effect of the extract is a profound arteriolar constriction with 
a resulting increase in the peripheral resistance.***’ Their colleague 
Benjamin Moore reported that the activity could be transferred by dialy- 
sis through membranes of parchment paper, that it is insoluble in organic 
solvents but readily soluble in water, resistant to acids and to boiling, 
etc.” Curiously, nobody at that time seems to have remarked on its 
propensity to oxidation. 
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E Hormones: a definition 


Hormones are blood-borne ‘first messengers’, usually secreted by one 
organ (or group of cells) in response to an environmental demand to sig- 
nal a specific response from another. The first such messenger to be 
endowed with the title of hormone was secretin, later shown to be a pep- 
tide released into the bloodstream from cells in the stomach lining, indi- 
cating the presence of food and alerting the pancreas. In the words of 
William Maddock Bayliss (co-discoverer with Ernest Henry Starling), 


There are a large number of substances, acting powerfully in minute amount, 
which are of great importance in physiological processes. One class of these 
consists of the hormones which are produced in a particular organ, pass into 
the blood current and produce effects in distant organs. They provide, there- 
fore, for a chemical co-ordination of the activities of the organism, working side 
by side with that through the nervous system. The internal secretions, formed 
by ductless glands, as well as by other tissues, belong to the class of hormones.*” 


In fact, adrenaline, the signal for fright-fight-and-flight, is a much bet- 
ter candidate for the accolade of ‘first hormone’. Together with nor- 
adrenaline it is secreted into the bloodstream in consequence of 
emotional shock, physical exercise, cold, or when the blood sugar con- 
centration falls below the point tolerated by nerve cells. Extracts having 
the activity of adrenaline, enhancing the force and volume of the heart 
output had been reported 10 years before the discovery of secretin, almost 
simultaneously, by George Oliver and Edward Schafer in London,*®**’ and 
by Napoleon Cybulski and Szymonowicz in Krakow."! 


BM What's in a name? 


It has been customary in Europe to give the substance 4-[1-hydroxy- 
2-(methylamino)ethyl]-1,2-benzenediol, alternatively 3,4-dihydroxy-a- 
[(methylamino)methyl]benzyl alcohol, the name adrenaline. In the USA 
the same substance is called epinephrine. Why have the Europeans pre- 
ferred the Latin root while the Americans go for the Greek? Behind this lie 
hints of scientific skulduggery. 

John Jacob Abel, America’s first professor of pharmacology, initially at the 
University of Michigan at Ann Arbor and then at the new Johns Hopkins 
Medical School in Baltimore, is credited with the isolation of the first hor- 
mone asa pure crystalline compound. As a part of his procedure, he treated 
the acidified and deproteinated extract of adrenal glands with alkaline 
benzoyl chloride and, after further steps including hydrolysis, he obtained 
a crystalline material which he reported as being very active. Chemical 
analysis yielded an elementary formula of C,,H,.NO,. What is not so clear 
is whether the Japanese industrial chemist Jokichi Takamine, who had an 
arrangement with the Parke, Davis Company (Detroit, Michigan), gained 
some advantage from his visit to Abel’s laboratory some time in 1899 or 
1900. Certainly, Abel appears to have been quite candid with his visitor, 


seeing that we had both 
been pupils of Sharpey, 
whose chair at that time | 
had the honour to occupy. | 
found that my visitor was Dr. 
George Oliver, already 
distinguished not only as a 
specialist in his particular 
branch of medical practice, 
but also for his clinical 
applications of physiological 
methods. Dr. Oliver was 
desirous of discussing with 
me the results which he had 
been obtaining from the 
exhibition by mouth of 
extracts of certain tissues, 
and the effects which these 
had in his hands produced 
upon the blood vessels of 
man, as investigated by two 
instruments which he had 
devised — one of them, the 
haemodynamometer, 
intended to read variations 
in blood pressure, and the 
other, the arteriometer, for 
measuring with exactness 
the lumen of the radial or 
any other superficial artery. 
Dr. Oliver had ascertained, 
or believed that he had 
ascertained, by the use of 
these instruments, that 
glycerin extracts of some 
organs produce diminution in 
calibre of the arteries, and 
increase of pulse tension, of 
others the reverse effect. 


The European 
Pharmacopoeia now also 
indicates the use of the term 
epinephrine. We justify our 
preference for adrenaline not 
only on its historical primacy 
but for reasons of logic and 
common usage. Who ever 
heard of epinephric 
receptors? Who ever used 
the expression ‘that really 
gets my epinephrine up”? 


whilst Takamine, used to the practices of commerce, never published 
reports of any sort until his preparation was well protected by patents and 
importantly in this case, a trademark with the name Adrenalin (no termi- 
nal ‘e’). What is clear is that Takamine used a simpler procedure for puri- 
fying the hormone, omitting the benzoylation step. T. B. Aldrich, also at 
the Parke, Davis Company but recently of the Department of Pharmacol- 
ogy at Johns Hopkins and therefore a late colleague of Abel’s, determined 
the correct elementary formula of Takamine’s preparation as C,H,,NO,. 

The Parke, Davis Company lost little time in marketing the preparation, 
and continued to do so until 1975 when they replaced it with a synthetic 
product. It became evident that Abel's failure to provide the correct for- 
mula was due to incomplete hydrolysis of the benzoyl residues, and 
indeed, the compound to which he gave the name epinephrin (again, no 
terminal ‘e’) was the monobenzoylated derivative, which nonetheless 
retained some biological activity. His revised formula appeared in the very 
first paper to be published in the first volume of the new Journal of 
Biological Chemistry. In a long and contentious account,” mainly devoted 
to explaining why he had got it right, and that the others had it wrong, he 
still managed to end up with a structure having 10 carbon atoms, 
C,,H,,NO,. Of course, the material isolated from adrenal medulla is a mix- 
ture of adrenaline and noradrenaline and it is likely that the crystalline 
material was composed of both compounds, so that even an assignment 
of 9 carbon atoms would have been an overestimate. The correct structure 
and confirmation that adrenaline is a derivative of catechol was not long 
in coming. Independent reports from Dakin and from Stolz of complete 
chemical syntheses of the racemic mixture of the two optically active iso- 
mers came in 1904/5. 

The effects and the actions of adrenaline provide a pattern that has 
been and still remains useful in general discussions of hormone action. 


E Neurotransmitters 


In comparison with the ready acceptance of the principle of blood-borne 
transmission of chemical signals between organs, the idea of chemical, as 
opposed to electrical, transmission of impulses between nerves and 
nerves, and between nerves and muscles had a long and fraught gesta- 
tion. The phenomenon of vagal stimulation causing a slowing of the 
heart, had been described in 1845 by Weber (see reference”) and the pos- 
sibility of chemical transmission of this signal was proposed as early as 
1877 by Dubois-Reymond: 
Of known natural processes that might pass on excitation, only two are, in my 
opinion, worth talking about: either there exists at the boundary of the 
contractile substance a stimulatory secretion in the form of a thin layer of 
ammonia, lactic acid, or some other powerful stimulatory substance; or the 
phenomenon is electrical in nature. 
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It took all of 60 years for the principle of chemical transmission to 
achieve acceptance as the general means of communication between 
nerves and muscles.® 

Otto Loewi recorded* that he had conceived the idea of chemical trans- 
mission between nerves as early as 1903, but that at that time 


| did not see a way to prove the correctness of this hunch, and it entirely 
slipped my memory until it emerged again in 1920....The night before Easter 
Sunday of 1920,! awoke, turned on the light, and jotted down a few notes on 
a tiny slip of paper Then | fell asleep again. It occurred to me at six o'clock in 
the morning that during the night | had written down something most import- 
ant, but | was unable to decipher the scrawl. The next night, at three o'clock, 
the idea returned. It was the design for an experiment to determine whether 
or not the hypothesis of a chemical transmission that | had uttered seventeen 
years ago was correct. | got up immediately, went to the laboratory, and per- 
formed a simple experiment on a frog heart according to the nocturnal design. 


Loewi relates how, in his experiment, he induced contractions by elec- 
trical stimulation of the vagal nerve in an isolated heart. He then trans- 
ferred some of the fluid from this heart into the ventricle of a second heart 
undergoing similar stimulation. The result was to slow it down and reduce 
the force of contraction. He gave the name ‘vagusstoff’ to the inhibitory 
substance, later identified as acetylcholine. 

One might have thought that this demonstration of chemical, not elec- 
trical communication between hearts might have settled the issue. How- 
ever, it is doubtful whether the technique that he used at that time could 
have delivered the results that he described. There were problems of 
reproducibility which may relate both to the temperature of the labora- 
tory and to seasonal variations in the response of the amphibian heart. In 
the winter months the inhibitory fibres predominate so that electrical 
stimulation suppresses the rate and force of contraction. In the summer 
the situation is reversed. Other problems arise from the transient nature 
of the pulse of neurotransmitter. Eventually, with the efforts of many oth- 
ers, these difficulties were overcome but, even so, in order to prove the 
role for acetylcholine in neurotransmission it remained necessary to 
demonstrate its presence in the relevant presynaptic nerve endings. Also, 
it was essential to establish that it is actually released when the nerve is 
stimulated electrically. 

One of the main problems confronting all ideas concerning chemical 
transmission was the instability of the transmitter substance acetyl- 
choline. This had been synthesized in the mid 19th century. René de M. 
Taveau, previously associated with J. J. Abel, showed that of 20 derivatives 
of choline, the acetyl ester is the most active in reducing heart rate and 
blood pressure, an effect opposed by atropine.” It was first isolated from 
natural sources in 1914 by Arthur Ewins, a member of the laboratory of 
Henry Dale as a component present in an extract of ergot. At the time of 
his appointment to a post at the Wellcome Physiological Laboratories in 
1904, Dale remarks that his employer requested that 


The fascinating history of the 
debates surrounding the 
issue of chemical versus 
electrical transmission at the 
synapse is excellently related 
by Horace Davenport. 


Henry Hallett Dale and 
Otto Loewi were awarded 
the Nobel prize in 1936 for 
their discoveries relating to 
chemical transmission of 
nerve impulses. 


St Vitus’ dance, so called 
because sufferers sought to 
obtain relief at shrines 
dedicated to St Vitus, is also 
the name given to the 
unrelated condition later 
called Sydenham’s chorea. 
This is mainly a disease of 
young people, generally 
associated with rheumatic 
fever. 
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when | could find an opportunity for it without interfering with plans of my 
own, it would give him a special satisfaction if | would make an attempt to clear 
up the problem of ergot, the pharmacy, pharmacology and therapeutics of that 
drug being then in a state of obvious confusion. ... | was, frankly, not at all 
attracted by the prospect of making my first excursion into (pharmacology) on 
the ergot morass.” 


a Ergot 


Although ergot was recognized as the ‘noxious pustule in the ear of 
grain’ over 2500 years ago, written descriptions of ergot poisoning did 
not appear until the Middle Ages. It is a product of the fungal parasite 
Claviceps purpurea that affects grains, particularly rye. As described, the 
symptoms included burning pains in the limbs followed by a long and 
painful gangrene, the tissue becoming dry and being consumed by the 
Holy Fire, blackened like charcoal. Further complications included abor- 
tion and convulsions. 

St Vitus’ dance and the dance of death (danse macabre) were peculiar to 
the Middle Ages and it has been suggested“ that the St Vitus dance may 
have been a manifestation of the seasonal starvation which occurred dur- 
ing the early summer months. This was the time of the ‘hungry gap’ when 
the grain stocks were at their lowest, awaiting replenishment with the 
August harvests. The peasants, forced to prepare meal from the most mar- 
ginal sources inevitably consumed grains laced with ergot alkaloids and 
other mind-bending substances gathered from the fruit and flowers of 
wild plants. The St Vitus’ dance became a public menace, and particularly 
in the Netherlands, Germany and Italy, during the 14th and 15th cen- 
turies, crazed mobs wandered from city to city. The scenes, and the 
psychedelic visions induced in the minds of the affected are well repre- 
sented in the paintings of Pieter Bruegel (the Elder) (Figure 1.3). 

It is in this social panorama, traversed by profound anxieties and fears, alienat- 
ing frustrations, devouring and uncontrollable infirmities and dietary chaos that 
adulterated and stupefying grains contributed to delirious hypnotic states and 
crises, which could explode into episodes of collective possession or sudden 
furies of dancing. The forbidden zones, those most contaminated by the 
ambiguous, ambivalent magic of the sacred, seemed to emanate perverse influ- 
ences and unleash dark energies. Psychological destitution, together with the 
torment of an ailing body, acted as detonator of the epileptic attacks and 
tumultuous and surging group fits, in which men were attracted and repelled 
by centres of sacrifice, like the altar” 


Relief, of course, was obtained at the shrine of St Anthony. Here, maybe 
fortuitously, the sufferers received a diet free of contaminated grain. Ergot 
was also known as a medicinal herb and was used by midwives to sup- 
press postpartum bleeding though it did not find its way into regular 
clinical practice until the 19th century. 


Figure 1.3 ‘One hundred and one Netherlandish proverbs’, by Pieter Breugel the Elder (1559). It is high summer, though the hayfield 
seen at the top of the painting is not being harvested. Instead, it is being laid to waste by the pigs. The farmer and all the other villagers are beyond 
caring. In this hungry month of July, just before the staple crops come to fruition, sustenance is found in the ‘bread of dreams’, clearly laid out for 
display on the roof tiles. Containing a rich mixture of alkaloids derived from ergot-infested grains, this was the cause of communal madness and wild 
manifestations (St Vitus’ dance) among the peasantry of the Middle Ages. Several hundred years later, Henry Dale and his colleagues isolated the 
neurotransmitter acetylcholine from that ‘veritable cornucopia’ that is ergot. Courtesy of the Gemäldegalerie Staatliche Museen zu Berlin 
PreuBischer Kulturbesitz. 


Eserine or physostigmine, 
an alkaloid isolated from the 
Calabar bean, had previously 
shown by Loewi to be an 
acetylcholinesterase 
inhibitor. 


John Eccles, awarded the 
Nobel Prize together with 
Andrew Huxley and Alan 
Hodgkin in 1963 for 
discoveries concerning the 
ionic mechanisms involved in 
excitation and inhibition in 
the peripheral and central 
portions of the nerve cell 
membrane. 


Rue 


Today, the best-known products of ergot must be the hallucinogen 
lysergic acid diethylamide (LSD), and ergotamine which is used in the 
relief of the symptoms of migraine. However, for Henry Dale the extracts 
of ergot presented a veritable cornucopia of active substances, to which 
he returned repeatedly over several years. Jt was an impurity in a sample 
of ergot sent to him in 1913 for routine quality control, probably due to 
contamination by Bacillus acetylcholine (fresh ergot does not contain 
acetylcholine), that led him back to the question of transmission at the 
contacts between nerves and cells. When injected into the vein of an 
anaesthetized cat, the extract caused profound inhibition of the heart 
beat and because it was obviously unsuitable for release as a drug, he 
obtained the whole batch for further investigation. The first thoughts 
were that the active constituent might be the stable compound 
muscarine, but on isolation it was found to be the profoundly labile 
acetylcholine. 

At that time, and even later when it was identified as a chemical com- 
ponent in non-neural tissues, there was never a hint that acetylcholine 
might have physiological functions. This was not even suggested by the 
finding as late as 1930 that arterial injections of acetylcholine could 
induce contractures in denervated muscles. There were still a number of 
real problems to be overcome. Chief among these was the transient 
nature of the pulse of neurotransmitter. Also, it was not sufficient to show 
that acetylcholine applied from a pipette was capable of inducing a 
response. To prove its role in neurotransmission it still remained neces- 
sary to demonstrate its presence in the relevant presynaptic nerve end- 
ings and then to show that it is released upon electrical stimulation. 

Feldberg describes his introduction of eserine and the use of an 
eserinized leech muscle preparation as a specific and sensitive device for 
measuring the acetylcholine present in the various effluents (blood, per- 
fusate, etc.). This was the key that opened the way to the eventual conver- 
sion of that most obdurate sceptic, the electrophysiologist John Eccles. 

Even so, without naming any names, Zenon Bacq* reports that even as 
late as 1950, certain eminent physiologists were still refusing to incorp- 
orate the theory of chemical transmission into their teaching. 


E] Receptors and ligands 


Among the numerous proteins inserted in the plasma membranes of cells 
are the receptors. These possess sites, accessible to the extracellular 
milieu, that bind with specificity soluble molecules, often referred to as 
ligands. The binding of a just a few ligand molecules may then bring 
about remarkable changes within the cell as it becomes ‘activated’ or 
‘triggered’. Although our knowledge of these interactions is quite exten- 
sive, it is not so very long ago that the very notion of a receptor was merely 
conceptual, indicating the propensity of a cell or tissue to respond in a 
defined manner to the presence of a hormone or other ligand. Nowadays, 
the receptors are familiar to us as products of the molecular biology revo- 
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lution, They can be synthesized in the laboratory in milligram quantities 
as recombinant proteins; they can be modified by point mutations, dele- 
tions, insertions and by the formation of chimeric structures and they can 
be expressed in the membranes of cells from which they are normally 
absent. The concept of a specific binding site for a ligand certainly pre- 
dates the discovery of the first hormones and can be ascribed to John 
Newport Langley.*° On the basis of the mutual antagonism of the poisons 
atropine and pilocarpine (later found to be active at muscarinic choliner- 
gic receptors), he proposed that these substances form ‘compounds’ in 
their target tissues to an extent based on the rules of mass action. 


| think it is quite clear that if either atropin or pilocarpin is present in the blood 
of the submaxillary gland, then either pilocarpin or atropin respectively is able 
in sufficient quantity to produce the effects it produces when present alone in 
certain other quantity. 


The greater the quantity of atropin the greater is this certain other quantity of 
pilocarpin; when a large quantity of pilocarpin overcomes the correspondingly 
large quantity of atropin it restores the effect of the secretory fibres less, and 
causes less secretion than when a smaller dose of pilocarpin overcomes a still 
paralysing but smaller dose of atropin. 


Until some definite conclusion as to the point of action of the poisons is 
arrived at it is not worth while to theorise much on their mode of action; but 
we may, | think, without much rashness, assume that there is some substance 
or substances in the nerve endings or gland cells with which both atropin and 
pilocarpin are capable of forming compounds. On this assumption then the 
atropin and the pilocarpin compounds are formed according to some law of 
which their relative mass and chemical affinity for the substances are factors. 
Langley was careful to acknowledge the work of others, particularly 
Luchsinger who had already described the antagonistic actions of 
atropine and pilocarpine on the sweat glands of the foot of the cat in 
almost graphic terms: 


there exists between pilocarpin and atropin a true mutual antagonism, their 
actions summing themselves algebraically like wave crests and hollows, like plus 
and minus. The final result depends simply and solely upon the relative num- 
ber of molecules of the poisons present. 


Twenty-eight years later, in his Croonian lecture of 1906, Langley 
(quoted in Davenport‘) stated 


Since neither curari nor nicotine, even in large doses, prevents direct stimula- 
tion of muscle from causing contraction, it is obvious that the muscle substance 
which combines with nicotine or curari is not identical with the substance 
which contracts. 


The structures of atropine 
and pilocarpine are shown 
in Figure 3.4, page 41. 


Curari Old spelling of 
curare (d-tubocurarine), an 
arrow poison used by native 
South Americans. It is a 
competitive antagonist of 
acetylcholine at the 
neuromuscular junction. 
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It is convenient to have a term for the specially excitable constituent, and | have 
called it the receptive substance. It receives the stimulus and, by transmitting it, 
causes contraction. ... The mutual antagonism of nicotine and curari on mus- 
cle can only satisfactorily be explained by supposing that both combine with 
the same radicle of the muscle, so that nicotine-muscle compounds and curari- 
muscle compounds are formed. Which compound is formed depends on the 
mass of each poison present and the relative chemical affinities for the muscle 
radicle. 
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First messengers 


The natural extracellular ligands that bind and activate receptors are best 
called first messengers, although they may be subdivided as hormones, 
neurotransmitters, cytokines, lymphokines, growth factors, chemoattrac- 
tants, etc. Each of these terms attempts to define a class of agents that 
take effect in a particular setting. However, there can be much overlap, as 
none of them adheres to a strict definition. This is illustrated by Table 2.1, 
which provides examples of extracellular first messengers that function as 
hormones, growth factors and inflammatory mediators, and by Table 2.2 
which lists a selection of substances that can act as neurotransmitters. 
Particular examples of multiple functions are: 


e The coenzyme ATP and the cellular metabolite glutamate are neuro- 
transmitters when they are secreted at synapses. 


* The gut hormones gastrin, cholecystokinin and secretin are also 
present in the central nervous system (CNS), where they have diverse 
functions as neuromodulators (influencing the release of other 
neurotransmitters). 


¢ Somatostatin, identified originally as a hypothalamic agent suppress- 
ing the secretion of growth hormone from the pituitary, also operates 
in the CNS as a neurotransmitter or neuromodulator. More than this, 
it is a paracrine agent in the pancreas and a hormone for the liver. 


e The growth factor TGFB also acts as a chemoattractant and as a 
growth inhibitor. 

e Insulin acts not only to regulate glucose metabolism, but also as a 
growth factor. 

e Noradrenaline (norepinephrine), depending on whether it is released 
at a synapse or from the adrenal medulla, can be considered as a 
neurotransmitter or as a hormone. 


¢ Thrombin is a growth factor but is also involved in blood clotting as 
an activator of platelet function. 


E Hormones 


Hormones are commonly released in small amounts at sites remote 
from the organs they target. On entering the circulation, they are diluted 


Endocrine denotes the 
‘action at a distance’ of 
hormones that may pervade 
the whole organism, 
searching out specific target 
tissues. 

Paracrine denotes the 
action of an extracellular 
messenger that takes effect 
only locally. When a 
substance affects the same 
cell from which it has been 
released, the activity 
(perhaps part of a negative 
feedback pathway) is termed 
autocrine. 
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Table 2.1 A selection of first messengers found in the circulation 


Class Messenger Origin Target Major effects 
Messengers derived Adrenaline Adrenal medulla Heart Increase in pulse rate and blood pressure 
from amino acids (epinephrine) Smooth muscle Contraction or dilatation 
Liver and muscle Glycogenolysis 
Noradrenaline Adrenal medulla Arterniolar smooth Vasoconstriction 
(norepinephrine) muscle 
Serotonin (S-hydroxy Platelets Arterioles and venules Vasodilatation and increased vascular 
tryptamine) permeability 
Histamine Mast cells, basophils = Artenoles and venules Vasodilatation and increased vascular 
permeability 
Peptide hormones Insulin Pancreatic B-cells Multiple tissues Glucose uptake into cells 
Glycogenesis 
Protein synthesis 
Lipid synthesis (adipose tissue) 
NOTE: also a growth factor 
Glucagon Pancreatic a-cells Liver Glycogenolysis 
Adi ; ATG 
Gastrin Intestine Stomach Secretion of HCI and pepsin 
Secretin Small intestine Pancreas Secretion of digestive enzymes 
Cholecystokinin Small intestine Pancreas Secretion of digestive enzymes 
Atrial natriuretic factor Heart Kidney Na* and water diuresis 
(ANF or ANP) 
Adrenocorticotrophic Anterior pituitary Adipose tissue Lipolysis 
hormone (ACTH) Adrenal cortex Production of cortisol and aldosterone 
Follicle stimulating Anterior pituitary Oocyte Growth 
hormone (FSH) Ovarian follicles Oestrogen synthesis 
Luteinizing hormone Anterior pituitary Oocyte Maturation 
(LH) Ovarian follicles Oestrogen and progesterone synthesis 
Thyroid-stimulating Anterior pituitary Thyroid Generation and release of thyroid hormones 
hormone (thryotropin 
or TSH) 
Parathyroid hormone Parathyroid Bone Release of Ca** and phosphate 
(PTH) Kidney Ca’* reabsorption 
Vasopressin (antidiuretic Posterior pituitary Kidney Water reabsorption from urine 
hormone or ADH) Arteriolar smooth Vasoconstriction to increase blood pressure 
muscle 
Oxytocin Posterior pituitary Uterine smooth muscle Cervical dilation 
Milk ducts Milk ejection 
Growth factors Epidermal Multiple cell types Epidermal and other Growth 
factor (EGF) cells 
Somatotropin (growth Anterior pituitary Liver Production of somatomedins 
hormone or GH) 
Somatomedins land2 Liver Bone, muscle and Growth 
(insulin-like growth other cells 
factors, IGFI and 2) 
Transforming Multiple locations Multiple Growth contro! 
factor B (TGFB) 
Eicosanoids Prostaglandins Most body cells Multiple Inflammation, vasodilatation 
PGA,, PGA, PGE, 
Membrane permeant Thyroid hormone, T3 Thyroid Multiple Metabolic regulation 
hormones (tri-iodothyronine) 
Progesterone Corpus luteum Uterine endometrium Preparation of endometrial layer 
Placenta Maintenance of pregnancy 


Table 2.2 Neurotransmitters 


Type 


Tyrosine or 


tryptophan-derived 


Amino acids 


Purine based 


Neuropeptides 


Transmitter 


Acetylcholine 


Adrenaline 
(epinephrine) 


Noradrenaline 
(norepinephrine) 


Dopamine 


Serotonin 


Glutamate 


Glycine 


ATP 


Enkephalins 


Substance P 
Angiotensin II 
Somatostatin 


First Messengers 


Tyr-Gly-Gly-Phe-Leu 

Tyr-Gly-Gly-Phe-Met 
Arg-Pro-Lys-Pro-Gin-Gin-Phe-Phe-Gly-Leu-Met 
Asp-Arg-Val-Tyr-lle-His-Pro-Phe 


Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys 


enormously and are subject to enzymes that break them down. Many of 
them circulate as complexes with specific binding-proteins, reducing 
their free concentration further. The result of all this is that their level in 
the vicinity of a target cell is likely to be extremely low and, accordingly, 
the cell receptors must possess high affinity. Another consequence is that 
although a target cell may react in milliseconds to hormone binding, 
overall response times are in the range of seconds to hours. 

Examples of water-soluble hormones are included in the list of first 
messengers shown in Table 2.1. Adrenaline and noradrenaline (epi- 
nephrine and norepinephrine) are released from the adrenal gland and 
can act within seconds. The peptide hormones vary considerably in size, 
ranging from a few amino acids to full-scale proteins. For example, the 
hypothalamic factor that induces the release of thyroid stimulating 
hormone (TRH or TSH-releasing hormone) consists of only 3 amino acid 
residues, whereas FSH and TSH are heterodimeric proteins each of about 
200 residues. 


M Growth factors 


The first reports that fragments of biological tissue could be maintained 
in a living state in vitro appeared over 90 years ago,' but routine culturing 
of dispersed cells did not become established until the 1950s. The suc- 
cessful maintenance of dividing mammalian cells depends on the com- 
position of the culture medium. This is traditionally a concoction of 
nutrients and vitamins in a buffered salt solution. A key ingredient is an 
animal serum, such as fetal bovine serum. Without such a supplement, 
most cultured cells will not replicate their DNA and therefore will not pro- 
liferate. An important early discovery was that the best mitogenic stimu- 
lus (i.e. inducing mitosis or cell division) is provided by natural clot serum 
and not plasma. A 30 kDa polypeptide released by platelets was later iso- 
lated and shown to have mitogenic properties. It was named platelet- 
derived growth factor, PDGF (see Chapter 10). 

PDGF is a member of a class of messengers, the growth factors, com- 
prising over 40 polypeptides, ranging in size from insulin (5.7 kDa) and 
EGF (6 kDa), to transferrin (78 kDa). As with the hormones, cells have high 
affinity, specific receptors for growth factors though binding may elicit 
multiple effects. Apart from stimulating (or inhibiting) growth, they may 
also initiate programmed cell death (apoptosis), differentiation and gene 
expression. The effects of growth factors, unlike those of hormones, may 
last for days. Also, unlike the hormones their effects are short range, gen- 
erally influencing the growth and function of neighbouring cells. 


BM Cytokines 


In parallel with the discovery of growth factors, several extracellular sig- 
nalling proteins were identified that interact with cells of the immune sys- 
tem. Because they activate or modulate the proliferative properties of this 
class of cells, they were initially termed ‘immunocytokines’. As it became 
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apparent that they also act on cells outside the immune or inflammatory 
systems, the name was shortened to ‘cytokine’. The functions of growth 
factors and cytokines are so diverse that a clear distinction cannot be 
made. Thus cytokines include the growth factors already mentioned, 
along with such molecules as the interferons, tumour necrosis factor a 
(TNF a), numerous interleukins, granulocyte-monocyte colony stimulat- 
ing factor (GM-CSF) and many others. Chemokines are cytokines that 
bring about local inflammation by recruiting inflammatory cells by 
chemotaxis and subsequently activating them (see Chapter 15). 


M Vasoactive agents 


Physical damage to tissues or damage caused by infection generates an 
inflammatory response. This is a defence mechanism in which special- 
ized cells (mostly leukocytes), recruited to the site, act in a concerted 
fashion to remove, sequester or dilute the cause of the injury. The process 
is complex, involving many interactions between cells and numerous 
extracellular messengers. Among these are cytokines that induce inflam- 
mation (pro-inflammatory mediators), or reduce it (anti-inflammatory 
mediators). To enable the recruitment of leukocytes and to retain a local 
accumulation of (diluting) fluid, there is vasodilatation and a regional 
increase in vascular permeability. Agents that bring this about include 
histamine (released by mast cells and basophils), serotonin (released by 
platelets) and pro-inflammatory mediators such as bradykinin. 

The eicosanoids are another important family of vasoactive com- 
pounds. They are derived from the polyunsaturated fatty acid, arachi- 
donic acid (5,8,11,14-eicosatetraenoic acid) (Figure 2.1). Because 
arachidonic acid and many of its derivatives possess 20 carbon atoms, 
they are termed eicosanoids (from the Greek word for 20). They include 
the prostaglandins, thromboxanes and leukotrienes and they operate 
over short distances as potent paracrine or autocrine agents, controlling 
many physiological and pathological cell functions. In the context of 
inflammation, they cause plasma leakage, skin reddening and the sensa- 
tion of pain. The drug aspirin possesses anti-inflammatory and pain- 
relieving properties because it inhibits a key enzyme in the pathway 
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Figure 2.1 Arachidonate and prostaglandin. 
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generating prostaglandins, such as the vasoconstrictor prostaglandin E, 
(Figure 2.1). 


E Neurotransmitters and neuropeptides 


Neurotransmitters are also first messengers, but their release and detec- 
tion at chemical synapses contrasts strongly with that of endocrine sig- 
nals. In the presynaptic cell, neurotransmitter-containing vesicles are 
organized to release their contents locally into the tiny volume defined by 
the synaptic cleft. Individual neurones contain only very small quantities 
of transmitter and this arrangement ensures that an effective concentra- 
tion is quickly attained within the cleft following the secretion (by exo- 
cytosis) of the contents of relatively few vesicles. The released transmitter 
then diffuses across the cleft and binds to receptors on the post-synaptic 
cell. On the macroscopic scale, diffusion is a slow process, but across 
the short distance that separates the pre- and post-synaptic neurones 
(~0.1 um or less), it is fast enough to allow rapid communication between 
nerves or between nerve and muscle at a neuromuscular junction. Table 
2.2 shows the structures of some important neurotransmitters. In the cen- 
tral nervous system glutamate is the major excitatory transmitter, 
whereas GABA and glycine are inhibitory. Acetylcholine has its most 
prominent role at the neuromuscular junction where it is excitatory. 
Whether an excitatory or inhibitory effect is evoked depends on the 
nature of the ion channel that is regulated by the neurotransmitter recep- 
tor (see Chapter 3). 


a Lipophilic hormones 


There is a class of hormones that differs in two major respects from the 
first messengers that we have examined so far. These are the steroid and 
the thyroid hormones (examples are shown in Figure 2.2). Their principle 
mode of action is to penetrate cells where they interact with the intracel- 
lular receptors which mediate their long-term effects.? These in turn pen- 
etrate the nucleus to provoke specific mRNA synthesis by binding to 
promoter elements on DNA. We shall give no further details of their func- 
tion or mechanisms, other than to point out that progesterone, essential 
for establishing and then maintaining pregnancy in mammals, is an 
example of a steroid hormone having activities that emanate from two 
locations. Activation of intracellular receptors directs transcription and 
the synthesis of specific proteins. At the cell surface it interferes with the 
binding of the peptide hormone oxytocin to its receptor in rat uterine tis- 
sue.’ It is possible that it is through inhibition of oxytocin binding that the 
progesterone steroids maintain uterine quiescence during pregnancy. 
Although we have described differences in the nature of selected first 
messengers, our aim in this book is to accentuate common aspects. This 
will become more apparent in later chapters, where it will be seen that 
similar intracellular mechanisms are used to promulgate an extracellular 
message. The ultimate effects of these first messengers are determined, 
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Figure 2.2 Progesterone and triiodothyronine. 


not by their chemical natures, but by the anatomical context within which 
they operate and by the characteristics of the receptor molecules that 
sense their presence in different classes of cells. 


E intracellular messengers 


Second messengers formed as a result of the activation of receptors are 
discussed in subsequent chapters. They include cAMP, Ca”, diacylglycerol 
and the 3-phosphorylated inositol lipids. We shall see that many, indeed 
most responses to stimulation of cell surface receptors are eventually 
mediated by protein phosphorylation and dephosphorylation. These are 
the major devices by which the binding of ligand is converted into a cel- 
lular consequence. In general, these second messengers interact with a 
specific set of enzymes (kinases and phosphatases) either directly or 
indirectly, to phosphorylate or dephosphorylate target proteins at specific 
sites. With a few special exceptions, phosphorylations due to these second 
messengers occur on serine and threonine residues. 


= Binding of ligands to receptors 


A typical hormone may elicit physiological effects at concentrations as 
low as 107° mol/l (107° x 6 x 10% =6 x 10% molecules per litre). 

To get an idea of how many of these molecules an individual target cell 
might encounter, consider that a 12 um diameter cell occupies a volume 
of 10? L. This volume of extracellular fluid will contain only 60 molecules 
of hormone. In spite of the necessary high affinity, it is important to 


The value of 60 molecules 
may be compared with the 
number of ions of electrolyte 
present in the same volume — 
~1.8 X 10"! (for isotonic 


saline). Furthermore, the 
same volume of intracellular 
water will contain about 10'° 
molecules of ATP (5-10 
mmol/l) and after hormonal 
stimulation, a cell might 
contain as many as 10° 
molecules of the second 
messenger cAMP. 
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remember that the binding interaction is never covalent and is always 
reversible. Thus binding of hormone (H) to receptor (R) can be written: 


H+R=HR 


At equilibrium, the rates of the forward and backward reaction are equal 
(on-rate = off-rate) and by the law of mass action 


k, [H][R] = k, [HR] 


where k „is the on-rate constant and k «is the off-rate constant and the 
units of k „and k,,,are mol` s~ and s7, respectively. [H] and [R] represent 
the concentrations of free (unbound) hormone and free (unoccupied) 
receptors. A high affinity interaction means that the predominant species 
is HR. That is, the equilibrium is to the right or the equilibrium constant 
Kis large, where 

[HR] k 


on 


K= = 
[H][R] k 


off 


and the rate constant k „is much greater than k p The units of K are 
l] mol” (i.e. reciprocal concentration). Instead of an equilibrium constant 
for association, the expression above can be inverted: 


[HIR] _ k 


off 


P IHR) k 


on 


Equation 2.1 


K, is the dissociation constant and has units of concentration (mol F’). It 
is also the concentration of hormone which, at equilibrium, causes 50% of 
the receptors to be occupied, i.e. [HR] = [R]. 


M Binding heterogeneity 


One might imagine that all receptors are equal in terms of the effects that 
they generate. This is far from the case. Binding site heterogeneity can be 
caused by the presence of receptor subtypes with different affinities or by 
receptors of a single class undergoing regulated conformational transi- 
tions between high and low affinity states. Since such a process would be 
driven by intracellular mechanisms, it could be tested for by inhibiting the 
cells metabolically (preventing ATP synthesis/depleting intracellular 
ATP). An alternative approach would be to compare the hormone binding 
affinities of intact cells with their isolated plasma membranes. An experi- 
ment of this kind should reveal the extent to which either the affinity or 
the number of exposed receptor sites are regulated by cellular metabolic 
status, which again might be modulated by events set in train by the ini- 
tial hormone-receptor interaction itself. 


M Measurement of binding affinity 


To measure the binding parameters, the cells, or their membranes, are 
exposed to hormone that is radioactively labelled. After equilibration the 


First Messengers 


bound and free hormone pools are separated, generally by centrifugation 
or filtration. The supernate or filtrate contains the unbound material and 
the pellet or filtered material consists of cells or membranes bearing the 
bound hormone. These are briefly washed to remove residual and inter- 
stitial unbound hormone and then both samples are analysed for the 
presence of the label. The range of concentrations over which binding 
occurs and becomes saturated can be determined by varying the hor- 
mone concentration and plotting a graph of bound against free hormone 
concentration. For the very simplest systems, in which there is only one 
binding site per receptor and no interactions between receptors that 
might modify the affinity of binding at unoccupied sites, we can derive an 
equation for the binding curve, as follows. 

If the total concentration of receptors in the preparation is R 


[R] = R,,, - [HR] 


then 


tot? 


Substituting [R] in Equation 2.1 gives the single site equilibrium binding 
equation: 


[H] 


K, + [H] 


Plotting [HR] against [H], we obtain a hyperbola (Figure 2.3). As with most 
representations of data ranging over several orders of magnitude, it is gen- 
erally more useful to plot the concentrations on a logarithmic scale. By 
extrapolating the graph to an infinite concentration of hormone, we may 
then determine the total receptor concentration in the system [R,,,] (Fig- 
ure 2.3). In practice binding data are analysed by non-linear regression 
using computer software that takes account of multiple binding sites and 
other complications, yielding values of R,,, and K, 


[HR] = Ry 


ie Kp and EC, receptor binding and functional consequences 


Having derived R,,, by extrapolation or curve-fitting and knowing the 
number of cells, we can calculate the number of binding sites per cell. We 
can also ask how the estimated K, relates to the likely hormone concen- 
tration in vivo and the biological responses that are evoked. More simply, 
is the magnitude of the tissue (or cell) response proportional to the frac- 
tion of occupied receptors? More often than not, there is no clear rela- 
tionship.* In many cases, the maximal cellular response — whatever it is 
that the cell does as a consequence of stimulation — is achieved with only 
a tiny fraction of the receptors being occupied (Figure 2.4). We should 
therefore distinguish between K, and the EC,,, the concentration of hor- 
mone at which the biological response or effect is half-maximal. 

There are different ways of assessing a cellular response. An example is 
shown in Figure 2.4b in which an early response is estimated by measur- 
ing the generation of an intracellular second messenger (cAMP). Alterna- 
tively, more distal downstream events might be measured, such as 
secretion or contraction. Curiously, we find that the EC,, for each type of 
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Figure 2.3 Saturation binding. Direct binding curves plotted using (a) linear and (b) 
semi-logarithmic scales. 


response tends to be different. This is because K, is a parameter describ- 
ing ligand binding at equilibrium, whereas EC,, reflects consequent 
events that may have multiple kinetic components determined by the 
rates of enzyme catalysed reactions that vary independently of receptor 
occupation. The concentration of a hormone inducing a half-maximal 
response can be as much as two orders of magnitude (100-fold) smaller 
than the concentration required to saturate 50% of the receptors, as illus- 
trated in Figure 2.4. Similarly, maximal stimulation of glucose oxidation 
by adipocytes is achieved by insulin when only 2-3% of its receptors are 
occupied. 
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Figure 2.4 Receptor occupancy and cell response. (a) Correlation of adrenaline 
binding at a -adrenergic receptors and contraction of smooth muscle (rat vas deferens). 
In this experiment, receptor occupancy was determined by measuring the displacement 
of a specific «,-antagonist, labelled with '*1. Contraction occurred at ligand 
concentrations that were too low to have a measurable effect in the binding assay. 
Adapted from Minneman et al.’ (b) Correlation of hormone binding (gonadotropin), 
cAMP generation and testosterone production from testicular Leydig cells. Note 

the 10°-fold difference in affinity of the two hormone receptors. Adapted from 


Mendelson et al. 
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E Spare receptors 


The receptors that remain unoccupied have unfortunately been termed 
‘spare receptors’,’ but this is not to suggest that their role is unimportant. 
This large apparent excess on most hormone-responsive cells helps to 
ensure that stimulation can occur at very low hormone concentrations. 
For example, imagine that an optimal cell response is only elicited when 
all of the available cell surface receptors are occupied. This condition 
could only be achieved at infinite hormone concentration, because the 
binding follows a saturation relationship as depicted in Figure 2.3. Con- 
versely, if the cell response is optimal when only a small proportion of 
receptors are occupied, then a concentration of hormone much lower 
than the K, will achieve this. The greater the receptor reserve, the lower 
the EC,, will be for a given level of occupancy. Figure 2.5 illustrates this. 

The EC,, can be shifted by manipulations that alter the activity of the 
enzymes that take part in the stimulation pathway and that are well 
removed from events immediately set in train by the receptors. For 
instance, the drug theophylline is an inhibitor of cAMP phosphodi- 
esterase, the enzyme that breaks down cAMP (Figure 2.6). Its effect is to 
augment the elevation of cAMP induced by receptor activation. Therefore 
the steady state concentration of cAMP due to stimulation of receptors 
can be induced by much lower concentrations of hormone. 


E Down-regulation of receptors 


Cells with receptors that are subjected to regular or persistent activation, 
for example by drugs that are resistant to metabolic breakdown, may 
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Figure 2.5 Spare receptors. Three saturation binding curves are shown for three 
different situations. In the upper curve the maximum extent of binding (R,,,) exceeds the 
level required for optimal stimulation (5 pmol/l, indicated by the dotted line) by 6-fold. 
Maximal activation is therefore achieved at the hormone concentration corresponding to 
the intersection of the line and the curve. If the receptor reserve is reduced (middle 
curve) so that R, is only three times greater than the required occupancy level, the 
intersection moves to the right and if the reserve approaches zero (R „ = 5 pmol/l), the 
point of intersection moves towards infinity (lower curve). 
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Figure 2.6 Action of theophylline. 


become less amenable to stimulation. This down-regulation may be due 
to depletion of the number of exposed receptors, a reduction of their 
binding affinity or both. Either of these effects will increase the EC,, by 
reducing R,,, or increasing K,. There is a familiar example. The instruc- 
tions for use of the nasal decongestants based on xylometazoline give a 
warning not to continue usage beyond 7 days. After this time there is a 
tendency for the drug to cause ‘rebound congestion’ and further use then 
exacerbates instead of relieves the condition. Xylometazoline binds and 
activates a.,-adrenergic receptors that suppress production of cAMP. How- 
ever, the specificity, though good, is not perfect and the drug has a low but 
nonetheless significant affinity for a,-adrenergic receptors. The result is 
that when the preferred targets, the a,-receptors, have eventually been 
desensitized and removed from the epithelial surface, action is trans- 
duced by the a,-receptors which now predominate. The consequence is 
nasal congestion, most probably mediated, not by cAMP, but through the 
activation of phospholipase C, Ca* and protein kinase C. 

An important mechanism of receptor down-regulation, to which we 
return in Chapter 4, is phosphorylation of the intracellular chains of 
receptor proteins by enzymes such as the protein kinases A and C and 
specific receptor kinases. This marks them as targets for removal from the 
cell surface by endocytosis.*® It also allows the redirection of signals into 
different pathways.° 

All in all, one may conclude that receptors are not static components of 
cells; they are in a dynamic state that is influenced by both exogenous and 
endogenous factors. 


M Discovery of the first second messenger, CAMP 


Although experiments with radioactively labelled hormones and related 
reagents enabled the quantitative measurement of binding parameters of 
receptors, they told nothing of what receptors are, nor what they do. The 
critical advance was made in 1957 by Earl W. Sutherland. With his 
colleagues, he showed that the reactions stimulated by adrenaline or 
glucagon on liver which result in the activation of glycogen breakdown, 
occur in two distinct stages. The first of these results in the generation of 
a heat-stable and dialysable factor.!° When applied together with ATP to 
‘dephospho liver phosphorylase’ (now called phosphorylase b), it pro- 
moted the phosphorylation reaction resulting in active phosphorylase. In 
a footnote they point out that 


Earl W. Sutherland 
(1915-1974) awarded the 
Nobel Prize, 1971, “for his 
discoveries concerning the 
mechanisms of action of 
hormones” 


Re 
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The active factor recently has been purified to apparent homogeneity. From 
ultraviolet spectrum, the orcinol reaction, and total phosphate determination, 
the active factor appeared to contain adenine, ribose and phosphate in a ratio 
of 1:1:1. Neither inorganic phosphate formation nor diminution of activity 
resulted when the factor was incubated with various phosphatase prepara- 
tions. ... However, the activity of the factor was rapidly lost upon incubation 
with extracts from dog heart, liver and brain. 


With the identification of the second messenger as cAMP in 1957, it 
became possible to link activation of specific classes of receptors with 
specific biochemical responses. Of course, elevation of cAMP is not the 
exclusive second messenger response to hormones. Nor is it the exclusive 
response to adrenaline and other closely related catecholamines. These 
bind, depending on the cell type or tissue, to a family of catecholamine or 
‘adrenergic’ receptors, @,, €, P, B, B,, each of which has several distinct 
functions. These include the synthesis of cAMP (generally $), suppression 
of synthesis of cAMP (generally a.) and elevation of Ca** (a,). 


E References 


1 Carrel, A. On the permanent life of tissues outside of the organism. J. Exp. Med. 1912; 
516-28. 

2 McEwan, B.S. Non-genomic and genomic effects of steroids on neural activity. Trends 
Pharm. Sci. 1991; 12: 141-7. 

3 Grazzini, E., Guillon, G., Mouillac, B., Zingg, H.H. Inhibition of oxytocin receptor 
function by direct binding of progesterone. Nature 1998; 392: 509-12. 

4 Stephenson, R.P. A modification of receptor theory. Br. J. Pharm. 1956; 11: 379-93. 

5 Minneman, K.P, Fox, A.W., Abel, PW. Occupancy of al-adrenrenergic receptors and 
contraction of rat vas deferens. Mol. Pharm. 1983; 23: 359-68. 

6 Mendelson, C., Dufau, M., Catt, K. Gonadotropin binding and stimulation of cyclic 
adenosine 3':5'-monophosphate and testosterone production in isolated Leydig cells. 
J. Biol. Chem. 1975; 250: 8818-23. 

7 Springer, M.S., Goy, M.E, Adler, J. Protein methylation in behavioural control 
mechanisms and in signal transduction. Nature 1979; 280: 279-84. 

8 Goodman, O.B., Krupnick, J.G., Santini, F et al. B-Arrestin acts as a clathrin adaptor in 
endocytosis of the B2-adrenergic receptor. Nature 1996; 383: 447-50. 

9 Daaka, Y., Luttrell, L.M., Lefkowitz, R.J. Switching of the coupling of the B2-adrenergic 
receptor to different G proteins by protein kinase A. Nature 1999; 390: 88-91. 

10 Rall, T.W., Sutherland, E.W., Berthet, J. The relationship of epinephrine and glucagon to 

liver phosphorylase: Effect of epinephrine and glucagon on the reactivation of 
phosphorylase in liver homogenates. J. Biol. Chem. 1957; 224: 463-75. 


Receptors 


But when the blast of war blows in our ears, 

Then imitate the action of the tiger; 

Stiffen the sinews, summon up the blood, 

Disguise fair nature with hard-favour'd rage; 

Then lend the eye a terrible aspect ... 

William Shakespeare, Henry V, Ill. ii. | 

Here we begin with a description of the receptors for the catecholamines 
(adrenaline, noradrenaline and dopamine) and for acetylcholine. These 
provide the basic paradigms by which the main classes of hormone, 
neurotransmitter and drug receptors have been defined. 


E Adrenaline (again) 


Adrenaline (or epinephrine) is the hormone that is secreted in anticipa- 
tion of danger, preparing the body for fight or flight.! 
As Cannon has pointed out, this secretion (the internal secretion of the 
medulla of the suprarenal bodies) is poured into the blood during conditions 
of stress, anger, or fear, and acts as a potent reinforcement to the energies of 
the body, It increases the tone of the blood vessels as well as the power of the 
heart's contraction, while it mobilises the sugar bound up in the liver, so that 
the muscles may be supplied with the most readily available source of energy 
in the struggle to which these emotional states are the essential precursors or 
concomitants.’ 


The immediate actions are those of arousal: the sweat glands secrete and 
the body-hair stands on end; the pupils dilate to gather more light; the 
bronchi dilate to improve oxygen supply; the heart quickens and 
increases in its force of contraction. Then, through dilation of relevant 
vessels and constriction of others, the blood supply to the myocardium 
and selected skeletal muscles is increased, while the supply to the skin 
and visceral organs is reduced, postponing digestive and anabolic 
processes. Metabolic fuel stores are also mobilized (breakdown of liver 
and muscle glycogen and ultimately the catabolism of fat). Thus the 
secretion of adrenaline is familiar in the context of emergencies. However, 


it is important to remember that the adrenal gland continuously produces 
low levels of the hormone and that adrenaline is also released into the cir- 
culation during exercise. 

Adrenaline belongs to the group of hormones and neurotransmitters 
classed as catecholamines. The other members are dopamine and nora- 
drenaline. Their structures are shown in Table 2.2 (page 21). The precur- 
sor from which they are formed, by a sequence of steps, is the amino acid 
L-tyrosine. With a few exceptions, receptors are stereospecific and the cat- 
echolamines are active only as their 1-enantiomers. Adrenaline differs 
from noradrenaline by the presence of a N-methyl group on the side 
chain. In humans, the chromaffin cells of the adrenal medulla store and 
secrete both adrenaline (~80%) and noradrenaline (~20%), and noradren- 
aline is also secreted by sympathetic neurones. 


E o- and B-adrenergic receptors 


The receptors that respond to adrenaline or noradrenaline are called 
adrenergic receptors and they are present in a wide range of tissues. They 
may be divided into two major classes, a and $, although, as shown in 
Table 3.1, these are not defined in a precise way, either by their location or 
by the effects they elicit. Neither are they defined by their affinity for their 
natural first messengers: the differences in their sensitivity to either 
adrenaline or noradrenaline are not large. 


Table 3.1 Properties that distinguish a- and -adrenergic receptors 


it $ 


Arteriolar smooth muscle Vasoconstriction in viscera Vasodilation in skeletal 

(other than liver) musculature and liver (B,) 
Bronchial smooth muscle (not present) Bronchodilation (B) 
Uterine smooth muscle Contraction (a) Relaxation (B ) 


(myometrium) 


Heart Inotropic effect (increased 
cardiac contractility) (B,) 
Increased heart rate (B,) 


Eye Pupillary dilation (a,) Lowering of intra-ocular 
pressure (.) 

Skeletal muscle Glycogenolysis (B,) 

Liver Glycogenolysis (a) Glycogenolysis (B.) 

Adipose tissue Inhibition of lipolysis (a,) Lipolysis (B.) 

Pancrea: Inhibition of insulin secretion Insulin secretion (B,) 

(a) 
Platelets Inhibition of aggregation (a) 
Order of potency adr = nor > iso* so > adr = nor* 


* Abbreviations: adr, adrenaline; nor, noradrenaline; iso, isoprenaline 
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E Adrenergic receptor agonists and antagonists 


~ Agonists 

What must characterize the different adrenergic receptors ultimately are 
the differences in their molecular structures. Knowledge in this area is still 
only partial, however, but we do have information from their interactions 
with synthetic ligands that are agonists or antagonists. In fact, they may 
be further subdivided on this basis, into four well-characterized subtypes 
a, 4,, B, and f, (Figure 3.1). 

Although a particular subtype, by virtue of its dominance in a given tis- 
sue, may mediate a particular response, what really distinguishes the sub- 
types is their responsiveness to synthetic agonists such as isoprenaline 


ANTAGONISTS 


AGONISTS 


Figure 3.1 Adrenergic receptor agonists and antagonists. Lines indicate 
approximate specificities. Note that at high concentrations the selectivities tend to be 
reduced. Figure adapted from Hanoune.* 


Molecular cloning has 
confirmed the existence of 
B, adrenergic receptors. 
Similar to B, and B, 
receptors, these are linked to 
adenylyl cyclase through the 
G-protein Gs, but differ in 
not being subject to 
phosphorylation by protein 
kinase A (PKA) or B- 
adrenergic receptor kinase 
(BARK). They possess their 
own characteristic profile of 
specific activators and 
inhibitors. They are 
expressed predominantly in 
adipose tissues where they 
play an important role in the 
regulation of lipid 
metabolism. For review, see 
Strosberg.? 
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(isoproterenol) which causes blood vessels to constrict (B > a), and 
phenylephrine (a > B) which causes them to dilate. Adrenaline can do 
either, depending on the particular vessel. Clonidine (a,) and salbutamol 
(B) are even more specific, since they can distinguish particular 
subtypes.’ 


Antagonists 

As indicated in Figure 3.1, there are also synthetic antagonists. The struc- 
tures of some selected examples are shown in Figure 3.2. Propranolol 
inhibits the action of B-receptors. This drug finds application in the treat- 
ment of certain types of hypertension because it inhibits the secretion of 
the peptide hormone renin from the juxtaglomerular apparatus of the 
kidney. Renin is required for the formation of angiotensin from 
angiotensinogen. There are other B-blockers, such as practolol and meto- 
prolol, which at low concentrations are selective for B ,-receptors. Thus, in 
principle, it is possible to devise specific B, antagonists to suppress CAMP 
with which one could treat a heart patient without antagonizing lung ß, 
receptors that would lead to bronchconstriction in patients at risk from 
asthma. Of course, the selectivity between receptor subtypes is rarely per- 
fect, especially at higher dose levels. Also other factors such as the avail- 
ability of the free form (e.g. not bound to plasma proteins), the tissue 
distribution, in vivo half-life and toxicity have to be taken into account 
before drugs can be used in clinical practice. Indeed, the first B-blockers 
failed to reach the clinic because they were found to induce tumours in 
mice. 


How do receptors distinguish agonists from antagonists? 

Why do some compounds, such as salbutamol, cause activation, 
whereas others, such as propranolol, are inhibitors of (B-)adrenergic 
receptor function? Certainly there are some systematic structural fea- 
tures that appear to determine their biological effects. In general, it is 
found that increasing the substitution on the amine nitrogen atom of 
catecholamines, increases the preference for B- over a-receptors. The 
B-blockers are all characterized by the absence of the catechol nucleus 
(aromatic ring with neighbouring hydroxyls) and by the presence of an 
-OCH,- group linking the side chain to the aromatic moiety. 

An indication that the interaction of ligands with B-receptors differs for 
agonists and antagonists is given by the finding that reducing the temper- 
ature increases the binding affinity of agonists such as isoprenaline, but 
has little effect on the binding of antagonists such as practolol. A temper- 
ature-dependent increase in affinity indicates an equilibrium shift char- 
acteristic of an enthalpy-driven reaction, whereas an insensitivity to 
temperature changes suggests that a change in entropy is the main driv- 
ing force. Indeed, estimates of the thermodynamic parameters reveal that 
the antagonists bind with an increase in entropy, which is to be expected 
when water molecules organized around a binding site are displaced. Sur- 
prisingly, the agonists mostly show a decrease in entropy on binding. This 
might mean that although the two classes of ligands may occupy the same 
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Figure 3.2 Structures of some drugs that interact with adrenergic receptors. A selection of the adrenergic 
drugs mentioned in this book. As the substitution of the amine nitrogen on the agonists (in red) is increased, their 
selectivity for B- over a-receptors increases. Some of the a-adrenergic agonists and all the [-blocking agents (in black) 
lack the catechol nucleus. The antagonists are also characterized by the insertion of an ether linkage (-O(CH,)-) in the 
lateral chain. The structures of the physiological catecholamines adrenaline, noradrenaline and dopamine are shown in 


Table 2.2 (page 21). 
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binding pockets within the receptor molecule, which incidentally would 
explain the competitive nature of their binding, the actual points of 
attachment to the lining of the pocket (i.e. to particular amino acid 
residues) are different. The consequences of binding are alterations such 
as displacement of protons and water, breakage of hydrogen bonds, dis- 
turbance of van der Waals interactions and conformational changes in the 
receptor itself. In the case of agonists, this results in an overall increase in 
order (decreased entropy).> Importantly, only agonists induce the confor- 
mational alterations that enable the receptors to communicate with the 
ensuing components of the signal transduction apparatus. 


E Acetylcholine receptors 


At the molecular level, all the effects of the catecholamines, including 
dopamine, are mediated through the single class of 7TM receptors (see 
below) and subsequently they all activate or inhibit an enzyme such as 
adenylyl cyclase or phospholipase C (see Chapter 5). This is always medi- 
ated through a GTP-binding protein (GTPase) (see Chapter 4). A large pro- 
portion (of the order of 60%) of the drugs used in clinical practice are 
directed at receptors of the 7TM class. In contrast, acetylcholine interacts 
with two very distinct classes of receptor that are quite unrelated to each 
other. These are the nicotinic receptors (ion channels) and muscarinic 
receptors (7TM receptors). 


E Acetylcholine 


Although acetylcholine is a first messenger that interacts with receptors, 
it does not have the function of a hormone. It is confined to synapses 
between nerve endings and target cells. It is the primary transmitter at the 
neuromuscular junction (between motor nerve and muscle end plate). In 
the autonomic nervous system, it is also the transmitter at preganglionic 
nerve endings and in most parasympathetic postganglionic nerves. 
Parasympathetic stimulation through the vagus nerve causes the dilation 
of blood vessels, increases (fluid) secretions (as from the pancreas and the 
salivary glands) and slows the heart rate. At the neuromuscular junction, 
acetylcholine is released from the presynaptic terminal. It diffuses across 
the synaptic cleft and interacts with nicotinic receptors situated on the 
postsynaptic membrane. It is then removed from the synaptic cleft with 
‘flashlike suddenness’, (in the words of Henry Hallett Dale). This occurs 
partly by diffusion, but mainly by the action of acetylcholine esterase, 
which converts it to choline and acetate within milliseconds. Since the 
affinity of nicotinic receptors for acetylcholine (K, = 107 mmol/]) is rather 
moderate (at least, in comparison with some other types of receptor for 
their respective ligands), the rate of dissociation is sufficiently fast to allow 
it to detach rapidly (recall that K, = k,,./k,,), following the steep decline in 
the local concentration due to the activity of the esterase. Because of the 
extreme lability of acetylcholine, in experimental investigations it has 
been normal to work with stable, non-hydrolysable derivatives such as 
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carbamylcholine (carbachol). As with the natural compound, carbachol is 
agonistic both at nicotinic and muscarinic receptors. 

The compounds that inhibit the hydrolysis of acetylcholine are among 
the most toxic known (Figure 3.3). Thus, they may cause stimulation of 
cholinergic receptor sites throughout the CNS (central nervous system), 
depression at autonomic ganglia and paralysis of skeletal muscles. This is 
followed by secondary depression involving irreversible receptor desensi- 
tization, discussed below. In addition to these nicotinic functions, mus- 
carinic responses to acetylcholine also tend to persist.®’ 


E Cholinergic receptor subtypes 


Acetylcholine receptors fall into two classes, originally distinguished by 
their responses to the pharmacological agonists nicotine and muscarine. 
In this section we also give brief consideration to related receptors that 
respond to amino acid neurotransmitters. 
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Figure 3.3 Some inhibitors of serine esterases. 


The first synthesis of an 
irreversible inhibitor of 
cholinesterase was reported 
as early as 1854 by 
Clermont, predating the 
isolation of the alkaloid 
physostigmine (eserine) from 
Calabar beans by about 10 
years (see Chapter l). This 
was tetraethyl 
pyrophosphate. In his 
dedicated pursuit of science, 
Clermont even went so far 
as to comment on its taste 
and one may wonder that he 
ever survived to tell the tale. 
Further organophosphorus 
compounds were developed 
with the aim of preparing 
nasty surprises for flies 
(parathion, the most widely 
used insecticide of this class) 
and subsequently even 
nastier surprises for soldiers 
and, sadly, civilians too. These 
nerve gases include sarin 
(isopropyl- 
methylphosphonofluoridate), 
originally developed in Nazi 
Germany. Four years after 
the attack by Saddam 
Hussein's forces on the 
village of Birjinni on 25 
August 1988, soil samples 
revealed traces of the sarin 
breakdown products. The 
LD,, for humans is estimated 
(not tested!) as being of the 
order of 10 ug kg’. When 
sarin was released on the 
Tokyo metro system by 
zealots of the Aum cult, 12 
people were killed and 5500 
were injured. 

All these compounds take 
their effects by 
alkylphosphorylation of 
active site serines, not only 
of acetylcholinesterase, but 
also of the serine esterases 
and serine proteinases (such 
as trypsin, thrombin, etc.). 
Clearly, the rapid removal of 
acetylcholine from the 
synapse is as essential for the 
process of neurotransmission 
as is its release. Interestingly 
however, some 
cholinesterase inhibitors of 
this class have found their 
way into clinical practice (e.g. 


in the treatment of 
glaucoma). 

With the threat of military 
and terrorist abuse of these 
noxious agents, attention has 
been turned to the matter of 
antidotes. Currently, atropine 
is administered to prevent 
over-occupation of the 
acetylcholine receptors. In 
addition, patients are treated 
with nucleophilic agents 
based on 2,3-butanedione 
monoxime with the aim of 
dephosphorylating and so 
reactivating the poisoned 
acetylcholine esterase.*” 


Tubocurarine is the main 
constituent of curare, a 
mixture of plant alkaloids 
obtained from 
Chondrodendron tomentosum 
or Strychnos toxifera, used as 
an arrow poison by some 
South American Indians. 
Claude Bernard (1856) 
showed that it causes 
paralysis by blocking 
neuromuscular transmission; 
Langley (1905) suggested 
that it acts by combining 
with the receptive substance 
at the motor endplate (see 
Chapter |). Other related 
(synthetic) compounds such 
as gallamine differ mainly in 
their duration of action. 


Nicotine Named after 
Jacques Nicot, the French 
ambassador to Lisbon who 
introduced the tobacco 
plant, Nicotiana tabacum into 
France in 1560. 

Muscarine A product of 
the poisonous mushroom, 
Amanita muscaria. 
Atropine From the Greek 
a-tropos, meaning no turning 
or inflexible, referring to the 
condition of the pupil when 
dilated by treatment with 
atropine. It is an alkaloid 
extracted from the berries 
of deadly nightshade, Atropa 
belladonna. The content of a 
single berry is sufficient to 
kill an adult human. 
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E Nicotinic receptors 


At the neuromuscular junction acetylcholine acts through nicotinic 
cholinergic receptors to stimulate the contraction of skeletal muscle. It 
also transmits signals in the ganglia of the autonomic nervous system. 
The receptors are rather non-specific cation channels, which conduct 
both Na* and K+, the principal cations present in cells and extracellular 
fluid. Nicotinic receptors are antagonized by tubocurarine. 

Neither nicotine nor tubocurarine has any significant effects on mus- 
carinic receptors. By the same token, muscarine and atropine, com- 
pounds that activate and inhibit the muscarinic receptors are without 
significant effect on processes regulated by nicotinic receptors. 

The nicotinic receptors are members of a superfamily of mem- 
brane proteins, that include the ionotropic receptors for serotonin (5- 
hydroxytryptamine, 5-HT), glycine and y-aminobutyric acid (GABA). 
Note however that the glycine and GABA receptors are anion channels 
responding to ligands that cause electrical inhibition (see below). For all 
of these, the receptor and ion channel functions are intrinsic properties of 
the same protein. 


M Muscarinic receptors 


Whereas acetylcholine acts through the nicotinic receptor to stimulate 
contraction of skeletal muscle, it decreases the rate and force of contrac- 
tion of heart muscle through muscarinic receptors. These belong to the 
seven transmembrane-spanning (7TM) superfamily of G-protein linked 
receptors and they exist as five subtypes, M1, M2, M3, m4 and m5. All five 
subtypes are present in the CNS. M1 receptors are expressed in ganglia 
and a number of secretory glands. M2 receptors are present in the 
myocardium and in smooth muscle and M3 receptors are also present in 
smooth muscles and in secretory glands (Table 3.2). 

Muscarine and related compounds have many actions, dependent on 
the tissues to which they are applied and the receptor subtypes that are 
expressed. The structures and the mechanisms of action of the receptors 
activated by muscarine are closely related to those activated by the cate- 
cholamines. Like the adrenergic receptors, the diversity of their functions 
first became apparent with the development of a specific antagonist. This 
was pirenzepine, which blocks M1 receptors and prevents gastric acid 
secretion, while being without effect on a number of other responses 
elicited by muscarinic receptors. 

Although the muscarinic and nicotinic receptors for acetylcholine 
share a common physiological stimulus, and although the muscarinic 
receptors can regulate ion fluxes (for example in the heart), they are not 
in themselves ion channels. The difference goes much further than this. 
Not only are these receptors unrelated structurally and in evolutionary 
terms, but the conformation of the acetylcholine as it binds is likely to 
be different. Whereas nicotine and muscarine are very different from one 
another (Figure 3.4) and contain ring structures that lend rigidity, the 
acetylcholine molecule is more flexible and is able to adopt different 
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Table 3.2 Muscarinic receptor subtypes By convention, upper-case 
letters (MI, etc.), are used to 
; receptors that have 
Subtype Antagonists Tissue’ Transducer Effector eann coledicals 
z ‘ ea : e i defined, whereas lower-case 
MI Atropine, pirenzipine Autonomic ganglia G, tt a ee pi (má atc.) aro used to 
Ca those receptors that 
) have been revealed only by 
M2 Atropine, AF-DX 384° Myocardium G,G Activation of K* Molecular cloning. 
Smooth muscle channels, inhibition 
of adenylyl cyclase 
M3 Atropine Smooth muscle G, Phospholipase C 
Secretory glands (increased cytosol 
Ca?*) 
m4 Atropine, AF-DX 384° G,G Inhibition of 
adenylyl cyclase 
m5 Atropine G, Phospholipase C 
(increased cytosol 
Ca?) 


a Multiple subtypes occur in many tissues. All are present in the CNS. This column indicates 
tissues with high levels of expression. 
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Figure 3.4 Structures of nicotine, muscarine and some of their antagonists. 


The term metabotropic is 
used to distinguish these 
G-protein linked receptors 
for glutamate, GABA, etc. 
from the ionotropic 
receptors that possess 
integral ion channels 
operated by the same 
ligands. 
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conformations that may be stabilized as it slots into its binding sites in the 
two receptors. 

As with the adrenergic receptors, the response pathways operated by 
the muscarinic receptors for acetylcholine are all mediated through 
GTP-binding proteins. In the case of M1, M3 and probably the m5 sub- 
type, the transduction is by G-proteins of the G, family and this causes 
activation of phospholipase C (PLC), hydrolysis of phosphatidylinositol- 
4,5-bisphosphate (PIP,) and release of inositol-1,4,5-trisphosphate (IP,) 
which mobilizes intracellular Ca?* stores (for detailed discussion, see 
Chapter 7). The M2 and m4 receptors address G-proteins of the G, class 
with consequent inhibition of adenylyl cyclase and activation of K* 
channels (see Chapter 5). 


MM Receptors related to the nicotinic receptor 
Amino acid receptors 


In parallel with the receptors for acetylcholine, GABA, glutamate and 
serotonin also act at structurally and mechanistically distinct classes of 
receptor. 

These are the metabotropic GABA, and glutamate (mGlu) receptors 
that communicate through G-proteins to activate PLC and mobilize intra- 
cellular Ca** on the one hand, and the ionotropic GABA,, GABA, and glu- 
tamate (iGlu) receptors on the other, which are ligand-activated ion 
channels. Again, the ionotropic channel receptors and the metabotropic 
receptors for GABA and glutamate are antagonized by quite distinct 
classes of inhibitors. 


E lon channel-linked receptors 
M Nicotinic receptors are ion channels 


Of all the receptors, it is probably true to say that the nicotinic cholinergic 
receptor is the most well-known and the best understood. There are sev- 
eral reasons for this: 


e Firstly, specialized tissues exist in which nicotinic receptors are pres- 
ent in huge quantities. 


e Secondly, there are toxins which bind specifically to the receptor with 
high affinity, enabling its isolation. 


e Finally, patch clamp electrophysiology has allowed the characteri- 
zation of the channel properties of individual nicotinic receptor 
molecules. 


M Electric organs provide a source 

Tissues in which nicotinic receptors are abundant include the neuromus- 
cular junction, where there may be as many as 4 x 10’ copies on a single 
motor endplate of skeletal muscle (Figure 3.5). When acetylcholine is 
secreted from the presynaptic membrane into the synaptic cleft, it binds 
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Figure 3.5 a-Bungarotoxin staining of nicotinic receptors at a neuromuscular 
junction. Thin section electron microscope photographs of a neuromuscular junction 
from frog cutaneous pectoris muscle. The nerve terminal containing some mitochondria 
and numerous synaptic vesicles is encased by a Schwann cell, and it abuts a muscle fibre. 
The preparation has been treated with a-bungarotoxin fused with horseradish peroxidase 
so that on treatment with 3,3'-diaminobenzidine, the acetylcholine receptors are revealed 
by the presence of the electron-dense reaction product. The label can be seen to be 
mainly confined at the extracellular surface of the post-synaptic membrane with some 
diffusion into the synaptic cleft. The scale bars are 0.5 um (from Burden et al.®). 


to receptors on the post-synaptic surface. This permits Na* (present in the 
extracellular space) to flow through the nicotinic channels, down its con- 
centration and voltage gradient into the muscle cell, so causing a local 
depolarization that leads ultimately to muscle contraction. This abun- 
dance of receptors is vastly exceeded in the electric organs of the marine 
ray Torpedo and the fresh water electric eel Electrophorus. These electro- 
plax organs are specialized developments of skeletal muscle and they 
express huge numbers of receptor molecules, about 2 xX 10” per endplate. 
As early as 1937, it was discovered that Torpedo electroplax could hydro- 
lyse more than its own weight of acetylcholine in an hour. The first demon- 
stration of the biosynthesis of acetylcholine by a cell-free electroplax 
preparation was reported in 1944. 


= a-Bungarotoxin blocks neuromuscular transmission = 
Because of their abundance in these specialized sources, it became poss- a-Bungarotoxin binds at the 
ible to isolate, purify and reconstitute nicotinic receptors, albeit in smal] — 280N'st binding site of 

a . ; : š neuromuscular-type 

quantities before the advent of the cloning era. The isolation was achieved acetylcholine receptors. 
by affinity chromatography, using toxins that block neuromuscular trans- There are similar snake 
mission, in particular the peptide a-bungarotoxin isolated from snake pig tenn a hi 
venom. This peptide (8 kDa) binds specifically and with high affinity to 
nicotinic receptors (K, = 10™-10° mol/l), with consequent inactivation. In 
the laboratory, the toxin can be immobilized by attaching it covalently to 
a solid phase, such as Sephadex. By applying to this affinity column a 
solution of proteins released by detergent from muscle or electroplax, it is 


Erwin Neher and Bert 
Sakmann shared the 1991 
Nobel Prize for their 
discoveries concerning the 
function of single ion 
channels in cells. 
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possible to isolate the receptor molecules.>" Although X-ray crystallo- 
graphic information is so far lacking, the quantity and organization of the 
protein has made structural determination by electron microscopy feas- 
ible (although at a lower level of resolution). 


Patch clamp electrophysiology of single ion channels 
With the introduction of the patch clamp technique by Neher and 
Sakmann," it became possible to study individual ion channels in situ in 
a membrane. 

It is hard to overestimate the contribution that this advance has made 
to our understanding of channel mechanisms. The idea itself is simple 
enough. A patch pipette, which is a glass microelectrode with a smooth 
(fire-polished) tip, 1-5 pm in diameter, is pressed gently against the out- 
side of a cell. With gentle suction a very tight seal forms between the 
pipette tip and the plasma membrane. The seal resistance is typically 
more than a gigohm (10° Q). Two alternative manoeuvres can then be 
used to remove a small area of membrane from the cell without breaking 
the ‘gigaseal’ (Figure 3.6). The end result is either an outside-out or an 
inside-out patch of membrane. These contain only a very few ion chan- 
nels but, depending on the orientation, the ligand binding sites are either 
exposed to the exterior or occluded within the patch-pipette. The paucity 
of channels within the patch and the high-resistance seal then enable 
recordings of membrane current to be made, for example under voltage 
clamp conditions. These reveal individual channel openings and closures. 
Nicotinic receptors were among the first channels to be characterized in 
this way. Like most other ion channels they open and close abruptly in an 
all-or-none fashion and they do this spontaneously. The effect of acetyl- 
choline is to increase the probability of a particular channel to be in its 
open state. 

The nicotinic receptor of the neuromuscular junction is composed of 
five subunits of which two are identical, so that the complex comprises a, 
B, y, 5 (Figure 3.7). All the subunits are necessary for the functioning of the 
complex as a channel. The acetylcholine binds at pockets formed at the 
interfaces of the two a subunits with their ô and y neighbours. Both bind- 
ing sites must be occupied in order to activate the receptor. u-Bungaro- 
toxin binds competitively, in the close vicinity of the acetylcholine 
binding sites. Chemical crosslinking experiments indicate that the sub- 
units are organized around a central axis of fivefold symmetry, as shown 
in Figure 3.7. On the extracellular surface (synaptic space), the assem- 
blage protrudes about 6 nm, in the form ofa large funnel (see Figure 3.11). 
The central pore at the opening has a diameter of about 25 nm and this 
becomes narrower in the region where it traverses the membrane. On the 
obverse side of the membrane, the structure again protrudes about 2 nm 
into the cytoplasm. 

The primary structure of the individual subunits indicates the presence 
of extensive stretches of sequence homology (35-40% identity) and in 
addition to this, there are many conservative substitutions. The four dif- 
ferent peptides are understood to have evolved from a common ancestor 
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Figure 3.6 Using membrane patches to record single channel opening and 
closure. Typically, cells are allowed to adhere to the bottom of a shallow dish. Individual 
cells are then attached to a patch pipette. A typical current record obtained from a patch 
of membrane detached from a cell is shown. 


by a process of successive gene duplication and modification that has its 
origin more than 1.5X10° years ago. Inspection of four homologous 
sequences (M2) from each of the subunits a, p, a, B, y, and 6 (listed in 
Table 3.3), makes this evident. Within these short stretches of 26 amino 
acids, there are seven points of identity and then four more which repre- 
sent conservative substitutions. Notice also that these four sequences 
each contain 15-17 strongly hydrophobic amino acids (leucine, valine, 
isoleucine, etc., having hydrophobicity assignments > 0: see Table 3.4). 


Figure 3.7 The barrel 
structure of the 
nicotinic receptor: (a) 
Organization of the five 
subunits that comprise 
the nicotinic receptor. 
According to Changeux, 
the subunits are shown in 
the order -ayaðß-, but 
there is some uncertainty 
about this assignment: 
Unwin suggests aßayôð. 
(b) Contour diagram 
illustrating the electron 
density of the nicotinic 
receptor. Successive 
sections at 0.2 nm 
intervals reveal the five 
subunits surrounding the 
central pathway which is 
about 2 nm wide at this 
level. The point of 
observation is from the 
outside of the membrane. 
The binding sites for 
acetylcholine are situated 
in clefts formed at the 
interfaces of the a and y, 
and a and 6 subunits. 
From Nigel Unwin, MRC 
Laboratory of Molecular 
Biology, Cambridge. 
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Table 3.3 M2 sequences of the four subunits of 
the nicotinic receptor 


a7 pI y ö Identical (i) 
Conservative (c) 


258 


254 


251 


247 


244 


241 


237 


234 


M2 sequences of the four subunits of the nicotinic 
receptor. Numbers in the left-hand column refer 

to the residues in the a7-subunit that become 
labelled when exposed to water-soluble 
photoaffinity agents such as chlorprormazine (see 
Figure 3.10). Based on data for human a7, BI, y and 
3 subunits published in the LGIC database” (see 
http://www.pasteurfr/recherche/banques/LGIC/ 
LGIC.html) 


In order to understand how the receptor operates as an ion channel, we 
need to know how each individual component is organized as a trans- 
membrane structure and then how they are arranged relative to each 
other. 
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Table 3.4 Hydrophobicity 
assignments for the 20 protein 
amino acids, calculated from 
experimental data including 
vapour pressure, partition 
coefficient and other parameters 


Amino 

acid Value 
Phe 45 
lle 45 
Val 4.2 
Leu 3.8 
Cys 2.5 
Met 1.9 
Ala 1.8 
Gly 0.4 
Thr 0.7 
Ser 08 
Trp 09 
Tyr 1.3 
Pro 1.6 
His 3.2 
Gin 3.5 
Asn 3.5 
Glu 3.5 
Asp 35 
Lys 3.9 
Arg 45 


From Kyte and Doolittle 


E Membrane spanning sequences are hydrophobic 


Examination of the sequence data indicates that each subunit possesses 


four stretches, M1, M2, M3 and M4 in which hydrophobic amino acids ^An unfortunate i 
predominate over those having charged or polar residues (Figure 3.8). RET a , 
It is understood that these hydrophobic stretches are membrane- terminology for the 
spanning sequences. A consequence of there being an even number (4) is anis receptors, 
that both the N- and C-termini are extracellular. The N-terminal exten- ` 
sion comprises about 200 amino acids and is extensively glycosylated. 
The loops linking the transmembrane spans M1-M2 on the inside of the 
cell and M2-M3 on the outside are relatively short, but the intracellular 
loop linking M3-M4 is more extended (about 130 amino acids). (Figure 
3.9a). 
Organized as a-helices, the transmembrane segments would be just 
sufficient in length (5 nm) to span the membrane as ‘oily rods’. Indeed, 


a 


Of course, the hydrophobic 
quality ac any point along a 
chain depends not simply on 
the particular amino acid at 
that position, but also on the 
contributions, hydrophobic 
or hydrophilic, of its 
neighbours. A value for the 
hydrophobicity contribution 
of each of the 20 (protein) 
amino acids can be assigned, 
based on considerations such 
as their solubilities in organic 
solvents (e.g. hexane), as 
shown in Table 3.4. 


Such stretches of about 20 
amino acids, having higher 
than average 
hydrophobicity, are 
present in all known 
transmembrane proteins. 
Furthermore, in those few 
proteins for which X-ray 
diffraction information 

is available (for example, 
bacteriorhodopsin, 

the photosynthetic 
reaction centre of 

the purple bacterium 
Rhodopseudomonas,'* the 
potassium channel of 
Streptomyces lividans'’ and a 
gated mechanosensitive ion 
channel in Mycobacterium 
tuberculosis'®), the 
hydrophobic spanning 
segments have been shown 
to be organized as a-helices. 
Of course, it does not 
necessarily follow that this is 
the way that all membrane 
spanning segments are 
organized. 


A photoaffinity label is a 
compound that becomes 
reactive when subjected to a 
pulse of UV light. This causes 
it to form stable derivatives 
with molecules in its very 
close vicinity. 
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Figure 3.8 Hydropathy plot of a nicotinic receptor subunit. The graph represents 
the hydropathy profile of the a-subunit of the nicotinic acetylcholine receptor. The 
hydrophobicity index is the average hydrophobicity of stretches of nine amino acids 
centred on each position in the chain (thus, each point represents the average 
hydrophobicity of 9+ | +9 amino acids). Each amino acid is assigned a hydrophobicity 
value based on its solubility in organic solvents as given in Table 3.4. Based on 

data for the human a, subunit published in the LGIC database” (see http: 
/}www.pasteurfr/recherche/banques/LGIC/LGIC.html). The amino acid residues in the 
segment 234-258 contribute to the lining of the ion channel as indicated in Figure 3.10. 


this is how the transmembrane segments, M1—M4, of the acetylcholine 
receptor were initially thought to be organized. However, physical meas- 
urements (circular dichroism and IR spectroscopy) suggest that B-strands 
also contribute to the membrane spanning domains.’ 

Fractionation of membrane proteins following photoaffinity labelling 
with lipid soluble probes led to the conclusion that only the M2 segment 
is fully shielded from the lipid environment of the membrane. There is 
much evidence that residues present in the M2 helices of all five subunits 
are the main contributors to the ion channel along the central axis of 
symmetry of the pentameric structure. Importantly, only residues of the 
M2 segments bind water-soluble channel-blocking agents, such as 
chlorpromazine and other compounds with photoaffinity properties. The 
rate of binding is 1000 times greater when the channel is in its open 
configuration.” 

By probing the open channel with chlorpromazine or other site-specific 
channel-blocking substances, it has been possible to map the lining of the 
ion channel. Collectively, these experiments identified amino acids sepa- 
rated by three or four residues along this section of the chain. This is con- 
sistent with an a-helical arrangement having 3.6 residues per turn (see 
Figure 3.10). The wider section of the channel, which has a diameter of 
about 1 nm, probably comprises a water-filled pore. It can, in principle, 
accommodate ions in their fully hydrated state. Here, the channel is lined 
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by all five a-helical M2 segments together with contributions from M1. At 
the level of resolution provided by electron microscopy (9 A, 0.9 nm), the 
entrance to the channel can be discerned (see Figures 3.11 and 3.12). 
The narrowest section probably constitutes the selectivity filter. It is 
located at the border of the membrane with the cytoplasm and is com- 
posed solely of residues present on the M2 segments. At this point, the M2 
probably forms an extended loop instead of the a-helical structure that 
lines the wider section of the channel. All aspects of ion selectivity are 
affected by mutations in this loop section (Figure 3.10). These include dis- 
crimination between cations and anions, the permeability to divalent 
cations and the relative permeability to different monovalent cations.” 


E Receptor desensitization 


When a receptor has been exposed to acetylcholine for seconds or min- 
utes (instead of milliseconds) it becomes unresponsive to further stimu- 
lation. This phenomenon, known as desensitization, is regulated by the B, 
y and 6 subunits. Although these subunits do not bind acetylcholine, it is 
apparent that they are not mere passengers riding on the back of the a- 
subunits. The extended intracellular loops linking M3 and M4 of each sub- 
unit contain sites for phosphorylation by protein kinases A and C (PKA and 
PKC). The longer acetylcholine is bound to the a-subunits, the more intense 
is the extent of phosphorylation. This explains why inhibitors of acetyl- 
choline esterase, such as DFP (diisopropyl fluorophosphate) and sarin, are 
so toxic. By preventing the hydrolysis of acetylcholine, the stimulus is 
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Figure 3.10 Positions of conserved side-chains that line the nicotinic channel. 
This simplified view of the pore just shows the M2 helices and loops of the two a-subunits. 
The amino acids that line the pore, contributed from these two segments, are indicated. 
Adapted from Corringer et al.?' 


(a) 


Figure 3.9 Peptide- 
chains and membrane 
organization of the 
human nicotinic 
receptor: (a)A single 
subunit showing the 
transmembrane segments. 
On the basis of their 
hydropathy profiles, the five 
subunits of the nicotinic 
acetylcholine receptor are 
each understood to 
traverse the membrane 
four times (MI—M4). Asa 
consequence, both the N- 
and C-termini are exposed 
on the same (external) 
surface, For each subunit, 
the M2 segment is 
understood to contribute 
to the lining of the ion 
channel. (b) The 
transmembrane segments 
are packed so that the 
channel is lined by the M2 
segments. The polar 
surfaces of the amphipathic 
M2 segments in each of the 
five subunits tend to orient 
towards each other, the 
non-polar surfaces seeking 
the non-polar environment 
offered by other subunits 
and the membrane bilayer. 
The ion channel is formed 
at the core of the 
structure. 


Of course things are never 
as simple as one might wish. 
The direction of the ion flux 
must depend on the 
intracellular concentration of 
CF but in the neurones of 
the hypothalamic 
suprachiasmic nucleus (SCN) 
this appears to vary diurnally, 
being higher during the 
daylight hours, probably due 
to the operation of a 
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Figure 3.1! Cross-sectional view of acetylcholine receptors. The receptor is 
depicted in blue, the membrane phospholipid headgroups in yellow and attached 
cytoplasmic protein in pink. The receptor is about 12 nm long and it extends about 6.5 nm 
and 1.5 nm beyond the extracellular and intracellular surfaces respectively. The narrow 
pore (long arrow) is framed by two ~2 nm diameter entrances and shaped by a ring of five 
bent a-helical rods (indicated as bars). The gate of the channel is formed by amino acid 
side-chains projecting into the channel at the constriction point. The acetylcholine binding 
site appears to be a pocket (short arrow) in the a-subunit, located about 5 nm from the 
gate. From Nigel Unwin, MRC Laboratory of Molecular Biology, Cambridge. 


initially prolonged, but when it does eventually diffuse away and the 
channels have closed, the extensive phosphorylation ensures that they 
cannot then be reopened. The receptors are said to be desensitized. 


E Other receptor-linked ion channels 


Ion-channels regulated by serotonin (5-HT), GABA and glycine are clearly 
related to the nicotinic receptors. GABA and glycine regulate Cl channels 
present on the inhibitory neurones of the CNS. When these are opened 
there is a tendency for Cl ions to enter the cells causing membrane 
hyperpolarization and thus a decrease in the probability that a neurone 
attains its threshold for firing an action potential.?’ 

The various channels regulated by glutamate, the major excitatory 
receptor of the CNS, comprise a separate family. Not only are their amino 
acid sequences unrelated, but the membrane topology is quite different. 
The subunits possess only three transmembrane segments, with the con- 
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Figure 3.12 The nicotinic ion channel: a schematic diagram of the nicotinic 
acetylcholine receptor. The narrowest part of the channel is occluded by amino acid 
side-chains contributed from the M2 segments of all five subunits. Two molecules of 
acetylcholine bind at sites on the two a-subunits. The receptor extends as a funnel some 
6 nm into the synaptic cleft. On the cytoplasmic side, the acidic residues on surface of the 
receptor may determine the (cationic) selectivity of the channel. Rapsyn is a 43 kDa 
protein that anchors the channels to the cytoskeleton. 


sequence that the N- and C-termini are expressed on either side of the 
membrane. In these receptors, the equivalent M2 segment presumed to 
line the channel is rudimentary, enters into the membrane and re- 
emerges on the same side (cytoplasm).”* 


E The 7TM superfamily of G-protein linked receptors 


The muscarinic receptors for acetylcholine, the GABA, receptors for y- 
aminobutyrate and the mGlu receptors for glutamate, together with the 
adrenergic receptors, are all members of the same superfamily of receptor 
proteins. They are structurally related to the visual pigment rhodopsin 
and very distantly related to the bacteriorhodopsins which constitute ion 
pumps in the membranes of the extreme halophilic archaebacteria. The 
feature that relates all these structures is the topological organization of 
the single peptide chain, which in all cases is understood to traverse the 
membrane seven times (Figures 3.13 and 3.14). The seven membrane- 
spanning segments are linked by three exposed loops on either side of 
the membrane, with the N-terminus projected to the outside and the 
C-terminus in the cytosol. Only for the bacteriorhodopsins has the 
membrane topology been determined directly,” but although they share 
obvious features of structural organization, it is not certain whether the 
archaean 7TM proteins and the eukaryote receptors are derived from a 
common ancestor. The similarity between them could arise from conver- 
gent rather than divergent evolution. For the receptors and the visual pig- 
ment rhodopsin, the organization of the seven membrane-spanning 


cyclically modulated ion 
pump.” The consequence of 
this is that, depending on the 
time of day, GABA acts 
either as an excitatory or as 
an inhibitory 
neurotransmitter. During the 
day, when the concentration 
of CF in the SCN is in 
excess of about 15 mmol/l, 
GABA enhances the firing 
rate (8-10 Hz) and causes 
excitation. At night, opening 
of GABA, channels allows an 
influx of CI- which causes 
membrane hyperpolarization 
and a reduction in the firing 
rate (2—4 Hz). 
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Figure 3.13 Hydropathy plots of rhodopsin and the ß-adrenergic receptor. For 
the derivation of the hydrophobicity index, see legend to Figure 3.8. The sequence data 
were taken from the Swissprot database, accession numbers P08100 and P07550. 


a-helices is deduced mainly by analysis of the hydropathy plots of the 
inferred amino acid sequences. The other essential feature that relates the 
7TM receptors and the visual pigments is that they all interact, inside 
cells, with GTP-binding proteins. The bacteriorhodopsins are not linked 
to GTPases and they serve as ion pumps. 


M Categories of 7TM receptor 


Of course, not only is the membrane organization of these proteins 
inferred, but so are the sequences (by analysis of the cDNAs). On many 
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Figure 3.14 Membrane topology of rhodopsin and adrenergic receptors. The 
membrane organization of (a) rhodopsin and (b) the B,-adrenergic receptor based on the 
hydropathy profiles of their amino acid sequences (see Figure 3.13). The circles indicate 
hydrophobic residues (yellow), non-polar residues (grey) and polar residues (blue). For 
both structures, the amino acids comprising the seven transmembrane spans (A-G) are 
predominantly hydrophobic, though non-polar and even charged residues are not entirely 
absent. The residues making contact with the ligands (1 l-cis retinal and adrenaline) are 
indicated (single-letter code). The incidence of polar and charged residues is much greater 
in the exposed loops and terminal domains. The residues shown as red circles are targets 
for phosphorylation by rhodopsin kinase or B,-adrenergic receptor kinase (BARK), 
respectively’. The black circles are residues that are targets for phosphorylation by 
PKA (RRSS). 
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occasions cloning procedures have led to the identification of proteins, 
the products of individual genes and evidently members of this super- 
family, but which at the time had no known biological function. If we 
include the proteins expressed in olfactory epithelial cells and inferred to 
have the general topological organization of the 7TM receptors (probable 
receptors for odorant substances), then this family is truly enormous, 
probably approaching 2000 members, or ~5% of the mammalian genome. 
Although the general structural plan of these proteins seems clear, there 
are of course important differences. If we simply consider the huge vari- 
ety of activating ligands, encompassing ions (Ca”*), small molecules and 
proteins, this must be self-evident (Table 3.5). One extreme example is 
that of rhodopsin which binds its ligand, 11-cis retinal, covalently. The 
advantage of this for the operation of the visual system is that the ligand 
is already in place, primed and ready to act as a trap for photons. It reacts 
by isomerization to its all-trans configuration within picoseconds and this 
perturbation is sensed by the rhodopsin causing it to interact with trans- 
ducin, a GTP-binding protein.’ 3 This then activates a specific phospho- 
diesterase causing hydrolysis of intracellular cyclic GMP. The question of 
visual phototransduction is considered in further detail in Chapter 6. 
Unlike rhodopsin, the receptors for hormones exist in both free and 
bound states. The rate at which they can be activated must be limited by 
the availability of the ligand, its rate of diffusion into the binding site and 
then its rate of attachment. The operation is necessarily slower. What hap- 
pens next is now well recognized. All these receptors communicate with 
GTP-binding proteins and thence with intracellular effector enzymes 
to generate or mobilize second messengers (such as cAMP, Ca”, etc.). 


Table 3.5 Categories of 7TM receptors 


Receptor properties Ligands 
Ligand binds in the core region of the | |-cis-Retinal (in rhodopsin) 
7 transmembrane helices Acetylcholine 


Catecholamines 

Biogenic amines (histamine, serotonin, etc.) 
Nucleosides and nucleotides 

Leukotrienes, prostaglandins, prostacyclins, 


thromboxanes 
Short peptide ligands bind partially Peptide hormones (ACTH, glucagon, growth 
in the core region and to the external hormone, parathyroid hormone, calcitonin) 
loops 
Ligands make several contacts with the Hypothalamic glycoprotein releasing factors 
N-terminal segment and the external (TRH, GnRH) 
loops 
Induce an extensive reorganization Metabotropic receptors for neurotransmitters 
of an extended N-terminal segment (such as GABA and glutamate) 


Ca**-sensing receptors, for example on 
parathyroid cells, thyroidal (calcitonin secreting) 
C-cells and kidney juxtaglomerular apparatus 


Proteinase-activated receptors Receptors for thrombin and trypsin 


Receptors 


However, at the time when cAMP and its synthesizing enzyme adenylyl 
cyclase were discovered, understanding of the receptors themselves was 
purely conceptual. No receptor proteins had been isolated and there was 
a total lack of structural information. Indeed, even the understanding of 
membrane structure was far from being established. The possibility that 
receptors and the enzyme activities that they control might, or might not 
comprise a single entity was one that had not yet keen contemplated. 


E Receptor diversity: variation and specialization 


Among the 7TM receptors, there are only a few highly conserved residues, 
confined almost entirely to the hydrophobic membrane spanning 
regions. Although it is clear that these proteins are derived from a com- 
mon ancestor, the divergence of their primary structures is enormous. 
More than this, if the divergence in the face of conserved molecular archi- 
tecture is evident for the membrane spanning regions, then as we venture 
into the various binding domains for different classes of activating lig- 
ands, we find sequences that are appropriately specialized, bearing no 
discernible relationships with each other. The exposed segments vary in 
length from 7 up to 595 residues for the N-terminus, 12 to 359 residues for 
the C-terminus and 5 to 230 residues for the loops.** 


Binding of low molecular mass ligands 

The binding sites for most low molecular mass ligands such as acetyl- 
choline, those derived from amino acids (catecholamines, histamine, 
etc.) and the eicosanoids (see Table 2.2, page 21) are located deep within 
the hydrophobic cores of their receptors (see Figure 3.16). Attachment of 
catecholamines is understood to involve hydrogen bonding of the two 
catechol OH groups to serine residues 204 and 207 separated by a single 
turn of the fifth membrane spanning (E) a-helix (Figure 3.15, also Figure 
3.14) and by electrostatic interaction of the amine group to an aspartate 
residue (113) on the third membrane spanning (C) helix. The binding of 
acetylcholine similarly forms a cross-link between two membrane span- 
ning helices of the muscarinic receptors. In this way, the bound hormone 
molecules are oriented in the plane parallel to the membrane. They form 
bridges between two transmembrane spans of their receptors, perturbing 
their orientation relative to each other. This is the origin of the signal that 
is conveyed to the cell. The B-blockers, such as propranolol, also bind at 
this location with high affinity and so impede the access of activating lig- 
ands. However, lacking the catechol group, they do not establish the crit- 
ical link between membrane spanning segments. They fail to activate the 
receptor. 

In contrast to the receptors for low molecular mass ligands, the binding 
sites for peptide hormones such as ACTH and glucagon are situated on 
the N-terminal segment and on the exposed loops linking the transmem- 
brane helices (Figure 3.16b). The receptors for glycoprotein hormones 
have been adapted by elongated N-terminal chains that extend well out 
into the extracellular aqueous environment (Figure 3.16c). 
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Figure 3.15 Top-down view of a hormone receptor with an adrenaline 
molecule bound between the membrane-spanning segments. The receptor is 
viewed from the extracellular surface. The N-terminal domain is glycosylated. The two 
catechol hydroxyls of adrenaline interact with the serine residues present in the 
membrane spanning a-helix E. The binding serines, S204 and S207, are separated by three 
residues (one turn) and so they are both projected towards the ligand, shifted by about 
0.15 nm along the helix axis. The ligand amino group binds to an aspartate residue on the 
membrane spanning a-helix C. Adapted from Ostrowski et al. 


Calcium sensors and metabotropic receptors 
The sites of attachment for the neurotransmitters (such as glutamate and 
y-aminobutyrate) on metabotropic receptors, and for Ca”* binding Ca?*- 
sensors are situated externally, on specialized N-terminal extensions that 
can approach 600 residues in length® (Figure 3.16d). Binding of Ca** 
causes a pincer-like conformational change in the extended extracellular 
domain that exposes residues which then interact with the transmem- 
brane core of the receptor. In this way, the extracellular domain of the 
receptor acts as its own auto-ligand. The Ca’*-sensing receptor confronts 
a particular problem since it has to sense and then to respond to very 
small changes in Ca* concentration against a high basal concentration 
(+ 0.025 mM in 2.5 mM). The cells of the parathyroid gland react by secre- 
tion of parathyroid hormone whenever the concentration of circulating 
Ca** dips below about 2.2 mM. Obviously, the affinity of the sensor has to 
be very low or it would be fully saturated at all times and under all condi- 
tions. On the other hand, the system must be sensitive to proportional 
changes in concentration that are minute compared with those sensed by 
conventional hormone receptors. These normally react to changes rang- 
ing over several orders of magnitude. The Ca* sensor is endowed with an 
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Figure 3.16 Ligand binding sites. The 7TM receptor is a jack of many trades, 
regulating a variety of different effectors and responding to ligands which come in many 
forms, having relative molecular masses in the range 32 (Ca?*) to more than 10°D. Most 
of the common low-mass hormones (such as adrenaline, acetylcholine) bind to sites 
within the hydrophobic core (a). Peptide and protein ligands are accommodated on the 
exterior face of the receptor (b, c). Although of low molecular mass, Ca?* and the amino 
acids glutamate and GABA bind to extended N-terminal extensions, inducing new 
conformations which interact with the receptor (d). The proteinase-activated receptors 
are cleaved (e), the newly exposed N-terminus acting as an auto-ligand. The freed peptide 
may also interact separately with another receptor. Adapted from Ji et al.” 
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extracellular domain which acts as a low affinity chelator, binding or 
releasing Ca” as its concentration varies within the (extracellular) physi- 
ological range.” The Ca** sensor may operate as a dimer, the two compo- 
nents being joined by a disulphide bond between cysteine residues 
present in the extracellular domain.” A monomer-dimer equilibrium 
could underlie the special binding properties of this receptor. 


E 
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E Proteinase activated receptors (PARs) 
Although blood platelets respond to many ligands (e.g. collagen exposed 
at sites of tissue damage, ADP released from damaged cells and, more 
importantly, secreted from activated platelets) the most potent activator 
is thrombin. Platelet-dependent arterial thrombosis triggers most heart 
attacks and strokes. Thrombin activates blood platelets causing them to 
aggregate within seconds but it also has numerous longer-term functions 
related to inflammation and tissue repair mechanisms requiring the 
stimulation of mitogenesis. These are mediated by a wide range of cell 
types. Thrombin is a serine proteinase enzyme related to trypsin and 
chymotrypsin and also to acetylcholine esterase. It has a unique speci- 
ficity, cleaving peptide chains between arginine and serine, only as they 
are embedded in particular peptide sequences. As with the other serine 
esterases, the proteolytic activity of thrombin can be inhibited by the 
organophosphorus compounds mentioned earlier, and its action in 
stimulating blood platelets is also inhibited by compounds of this class. 
By cleaving the N-terminal exodomain of the thrombin receptor a new 
N-terminus is revealed which itself acts as a tethered ligand interacting 
with the exposed loops of the receptor (Figure 3.16e). A synthetic penta- 
peptide, equivalent to the five N-terminal amino acids revealed after the 
thrombin cleavage, also has agonistic activity for the thrombin receptor.* 
In addition to the tethered ligand, the cleaved 41-residue peptide acts as 
a strong agonist for platelets.*® 

The thrombin receptor is now recognized as a member ofa larger family 
of protease activated receptors (PAR1-4), some of which are additionally 
activated by trypsin.*°*? In the epithelia of the upper intestine the PAR2 
receptors confer protection against self-digestion by proteolytic enzymes 
through the production of prostaglandins.” Similarly, in the bronchial air- 
ways, the presence of proteolytic enzymes released by inflammatory cells 
(mast cells) appears to be signalled by PAR receptors.“ Activation results in 
the generation of prostaglandin E,, causing bronchodilation. Although 
conventional in the sense that these PAR receptors are coupled to 
G-proteins, there is the particular problem that their activation by pro- 
teolytic cleavage is necessarily irreversible. Of course, for the functioning of 
platelets there is no problem since stimulation initiates a sequence 
of events which terminates in their demise. For the PAR receptors in 
other tissues, specialized mechanisms ensure their desensitization and 
removal.” In addition to the usual processes of receptor phosphorylation 
and endocytosis, these include cleavage of the tethered ligand in lyso- 
somes. Because the receptors undergo cleavage both as a consequence of 
stimulation and again in the process of desensitization, resensitization of 
the system necessarily occurs by de novo protein synthesis. 


E Receptor-ligand interaction and receptor activation 
E A two-state equilibrium description of receptor activation 


It is well recognized that ion channels are proteins that can exist in dis- 
crete states, typically ‘open’ or ‘closed’. For ligand activated channels the 
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open state probability is increased enormously when the ligand (e.g. 
acetylcholine) is bound. 

A similar two-state equilibrium applies to the activation of the 7TM 
receptors. However, since Langley’s first description of a ‘receptive sub- 
stance’ towards the end of the 19th century,” it has been generally 
accepted that activation requires the actual binding of an agonist. Funda- 
mental to this thinking is that the extent of the biological response is 
determined by the law of mass action linking the stimulus and the reac- 
tive tissue (i.e. the ligand and the empty binding site). The binding of a 
ligand is understood to induce a change in receptor conformation, such 
that only in this state does it communicate with its affiliated GTP-binding 
protein. 


M Receptors may be activated in the absence of ligand 


The activity of adenylyl cyclase does not decline to zero in the absence of 
stimulating hormones. Of course, it is difficult to be quite sure that stim- 
ulating hormones are fully excluded even when a system has been exten- 
sively washed and then doped with inhibitors. Even so, there always 
remains a residual low level spontaneous (or constitutive) activity. Now 
we know that this is for real. However, even if activating ligands are not 
absolutely required, the presence of a receptor coupled to cyclase is oblig- 
atory. Quite simply, the unoccupied receptors themselves provide the 
necessary stimulus. The synthesis of cAMP in Sf9 insect cells, which are 
normally unresponsive to catecholamines, can be enhanced by transfect- 
ing them with B,-adrenergic receptors. These cells now generate cAMP at 
a rate which is directly proportional to the level of receptor expression 
and they do this in the absence of any stimulating ligand” (see Figure 
4.20, page 99) (though of course, the activity of the system is greatly 
increased if catecholamines are provided). We return to the matter of 
reconstituting the adrenergic receptor/cyclase system in Sf9 cells in 
Chapter 4. 

This can be understood if the receptors exist in two conformational 
states, one of which can initiate downstream events (R*), the other cannot 
(r). The equilibrium between these two states exists regardless of the pres- 
ence or absence of a stimulating ligand (Figure 3.17). Conventional ago- 
nists are those which bind to the active conformation (R*) and, as a result, 
increase the proportion of active receptors (R* + LIG.R*). Conversely, 
there are ‘inverse’ agonists (lig) that bind selectively to the receptor in its 
inactive conformation. These increase the proportion in the form (r + 
lig.r) in which they are unable to transmit signals. Thus the number of 
active receptors is reduced and the activity of the system is suppressed 
below its normal spontaneous or basal state. In between the extremes of 
full (conventional) and inverse agonists are those agonists that bind to 
receptors in both the active and inactive conformations. These are the 
partial agonists. Such compounds are unable to achieve maximal stimu- 
lation of effector enzymes (e.g. of adenylyl cyclase) even when all the 
receptor binding sites are occupied. 


Sf9 insect cells and the 
baculovirus transfection 
system are used as an 
alternative to bacteria. 
Because they are eukaryotic 
cells and, moreover, animal 
cells, their newly synthesized 
proteins are post- 
translationally modified in 
the same way as in other 
multicellular organisms. 


The classification of drugs as 
agonists or antagonists, 
conventional, neutral or 
inverse, is a pharmacological 
minefield. In practice, many 
of the compounds in use in 
the clinic and in the 
laboratory, and depending on 
the circumstances, have 
activities that could enable 
them to be classified either 
as agonists or antagonists. A 
further complicating factor is 
that the spectrum of 
activities varies from tissue 
to tissue. For the right 
atrium of the (rat) heart, in 
which B,-adrenergic 
receptors play a greater role 
than in other cardiac regions, 
it appears that almost all the 
B-blockers behave as inverse 
agonists. 
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Figure 3.17 Receptor states and inverse agonists. This schematic diagram 
illustrates the equilibrium between the inactive (blue, r) and active (red, R) states of a 
receptor. Agonistic ligands (LIG) bind exclusively to the active form of the receptor and 
thus increase the proportion and the total amount (R + LIG.R) of the receptor in the 
form that it can transmit a signal. Conversely, inverse agonists (lig) bind exclusively to the 
inactive form of the receptor and thus increase the total amount of the receptor (r + 
lig.r) in the form that is incapable of transmitting signals. 


Inverse agonism offers the potential of developing new drugs that 
attenuate the effects of mutant receptors that are constitutively activated. 
The neutral antagonists (§-blockers such as pindolol, etc.), bind to both 
the active and the inactive conformations and are better regarded as pas- 
sive antagonists. 

These impede the binding of both agonists and inverse agonists. Neut- 
ral antagonists prevent the stimulation of adenylyl cyclase by cate- 
cholamines, but they also oppose the inhibitory effect of inverse agonists. 
Examples of inverse agonists for B-adrenergic receptors are propranolol 
and timolol, originally classified as a B-blockers (see Figure 3.2) and used 
as such in the treatment of glaucoma and hypertension. However, unlike 
the B-blockade due to a neutral antagonist such as pindolol, which mainly 
affects the heart during exercise and stress (when sympathetic control is 
dominant), these compounds also suppress the resting heart rate.**“ 


M Overexpression of receptors is sufficient 
From this, one might imagine that if a receptor could be sufficiently over- 
expressed in a responsive tissue, the system would be fully activated even 
in the absence of a stimulating agonist. The equilibrium ratio r © R* of the 
inactive and active species would be unaltered but the increased amount 
would ensure a sufficient quantity of the active form to induce activity. 
Indeed, 200-fold over-expression of the B,-adrenergic receptor in the 
hearts of transgenic mice is sufficient to maximize cardiac function in the 
absence of any stimulus.*° Under these conditions, no hormone is 
required to increase the level of active receptors to the point at which they 
can stimulate the tissue. 

There are indications that receptor over-expression may play a role in 
the aetiology of some disease states and this offers the prospect that 
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inverse agonists could provide more specific therapeutic approaches than 
the currently available neutral antagonists. Indeed, some forms of schiz- 
ophrenia may be associated with an elevation of the D4 (dopamine) 
receptor in the frontal cortex." Although the measured extent of the ele- 
vation is not large, about threefold compared with controls, it is possible 
that this could be a reflection of much greater changes in limited focal 
regions which could be of importance in determining the disease state. A 
number of compounds (raclopride, haloperidol) which find widespread 
application as antipsychotic drugs appear to possess inverse agonist 
activity at the dopamine receptors.**** Similarly, the action of proges- 
terone in reducing oxytocin-induced uterine excitability, essential for the 
maintenance of pregnancy (see Chapter 2), is also best understood as the 
action of an inverse agonist rather than as a conventional inhibitor.5”** 

Of course, there is one receptor which is expressed at a level which is 
out of all proportion to all others. This is opsin, the major element of the 
visual pigment rhodopsin. It is legitimate to ask by what mechanism the 
photoreceptor system ensures that dark really means dark, that we see 
nothing when the lights are turned off? Even if the equilibrium would 
favour the inactive state to a degree much greater than any hormone 
receptor, the presence of such an enormous amount of rhodopsin must 
surely elicit some activating response, however minimal. Yet dark really 
does mean dark. This important question is discussed in connection with 
the mechanism of visual transduction in Chapter 6. 


E Receptor dimerization 


Established assumptions are also being challenged by the realization that 
many receptors may function not as monomers, but as dimers or 
oligomeric clusters. As so often, there is little that is really new. The first 
hints concerning an oligomeric arrangment of -adrenergic receptors 
emerged almost a quarter of a century ago.” 


Heterodimers 

A good example of receptor dimerization is the metabotropic GABA,-R, 
because this is incapable of transmitting signals unless two subtypes of 
the receptor (splice variants, 1 and 2) are both present.®® Both are nor- 
mally present in the relevant neural tissues so there is no problem. How- 
ever, when expressed in cells in which they are normally absent, 
successful reconstitution of the recombinant GABA,-R with its associated 
K+ channel and an appropriate GTP-binding protein requires expression 
of both receptor subtypes. The inference is that the GABA,-R operates as 
an heterodimer or larger oligomer. Indeed, co-expression is not only a 
requirement for effective ligand binding and signal propagation but is 
also a prerequisite for maturation and transport of the receptor to the cell 
surface. The site of linkage between the partners has been proposed to 
reside in the C-terminal tail which is somewhat extended in comparison 
with other comparable receptors. 


Other diseases that might be 
amenable to treatment with 
appropriate inverse agonists 
include inherited conditions 
such as retinitis pigmentosa, 
congenital night blindness 
(both due to mutations of 
rhodopsin), familial male 
precocious puberty and 
familial hyperthyroidism, 
among others. An inverse 
agonist active at the receptor 
for parathyroid hormone, 
recognized as being 
constitutively activated in 
patients suffering from 
Jansen-type metaphyseal 
chondrodysplasia, has 
recently been described.5® 


Homodimers 


It is likely that the heterodimer GABA, -GABA exists as a stable entity 
and is unaffected by the state of receptor activation. Other receptors, such 
as those for glutamate (mGluR5®), vasopressin (V2), adenosine, opiates 
(5-opioid®) and even the well investigated B,-adrenergic™ and muscarinic 
receptors may be linked as homodimers. For some of these at least, the 
monomer-dimer equilibrium appears to reflect the state of receptor 
activation. 

Stimulation of B,-adrenergic receptors with catecholamines favours the 
formation of dimers“ while, conversely, the application of an inverse ago- 
nist, timolol, favours monomer formation. When isolated, the dimers are 
stable even under the denaturing conditions applied for analysis by SDS 
gel electrophoresis. Of the seven transmembrane helices, the F segment 
may offer the site of intermolecular attachment determining dimer for- 
mation. A synthetic peptide based on the sequence of this segment, and 
which could therefore be expected to impede the access of the second 
protein molecule was found to reduce dimer formation.™ It also inhibits 
the activation of adenylyl cyclase by isoprenaline. Does it follow that 
dimerization provides an alternative signal for activation of the B,-adren- 
ergic receptor? The evidence begins to support this idea, but a direct 
experiment is so far lacking. 


Other receptors 

For receptors of other types, represented generally by those with intrinsic 
tyrosine kinase activity (e.g. growth factor receptors such as those for EGF 
(Chapters 10 and 11)), those which are tightly linked to tyrosine kinases 
(cytokine receptors, Chapter 12) or those which interact with cytosolic 
tyrosine kinases (T-cell receptor, immunoglobulin receptors), dimeriza- 
tion is well established as the initiating step in the signal processes that 
they control. 


E Transmitting signals into cells 
E The receptor and the effector: one and the same, or are they separate entities? 


When it was first realized that hormones induce enzymatic activity at the 
cell membrane, the receptors themselves were no more than concepts 
and ideas used to explain phenomena. It soon became apparent that a 
receptor and its catalytic function might not be two facets of a single 
entity. For example, adipocytes have receptors for many hormones of dif- 
ferent classes. Adrenaline, ACTH, and glucagon all act to increase the con- 
centration of intracellular cAMP. However, the maximal rate of cAMP 
formation due to a particular stimulus cannot be further enhanced by 
stimulation of a second receptor type.®® Other agents such as 
prostaglandins (PGE) and clonidine (an o,-adrenergic reagent), adeno- 
sine and insulin, acting through their own specific receptors, suppress the 
induced rate of cAMP synthesis. For these cells anyway, the inference is 
that all the receptors communicate with a common pool of adenylyl 
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Figure 3.18 Multiple receptors coupled to a common pool of adenylyl cyclase. 


There is a single pool of adenylyl cyclase which can be accessed by many disparate 
hormone receptors. In general, when cyclase is maximally stimulated by one class of 


receptors further activation by ligands binding at other receptors is not possible. (There 
are, however, some exceptions to this in which maximal activation of cyclase requires two 
classes of receptor to act together in synergy: see Chapter 5.) Adapted from Rodbell.‘ 


cyclase (Figure 3.18). From this it follows that the receptors are likely to be 
discrete entities, each capable of communicating independently with the 
limited pool of enzyme.™ 

Support for this idea came from the finding that the rate of activation of 
adenylyl cyclase in turkey red cell membranes by B-adrenergic receptors is 
diffusion-controlled (see Figure 3.19). In membranes rendered less viscous 
(or more fluid, by inclusion of an unsaturated fatty acid), the time taken to 
establish the maximal rate of cAMP production can be substantially 
reduced.” There are exceptions, however, since in the same membranes, 
the time taken to establish the maximal rate following simulation through 
the adenosine receptor is unaffected. The adenosine receptor (in these 
cells anyway) appears to be permanently coupled to the effector enzyme. 

To make things more complicated, however, there are situations in 
which two hormones are required together to cause stimulation. For 
example, in brain cortical slices the activation of adenylyl cyclase by 
noradrenaline (a-adrenergic stimulation, blocked by phentolamine but 
not by propranolol) requires the simultaneous application of adenosine 
(blocked by theophylline). Here, with full activation requiring the 
involvement of two quite disparate receptors, one might want to infer that 
these are integral with the catalytic unit itself (although there is a much 
better explanation for this, which is discussed in Chapter 5: see page 113). 


WE Mixing and matching receptors and effectors 


A direct demonstration of the independent existence of receptors and 
their downstream effector enzymes required a procedure by which they 
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Figure 3.19 Diffusion control or permanent coupling in the activation of 
adenylyl cyclase by receptors? (a) Time-course of cAMP accumulation in response to 
adrenaline in turkey red cell membranes doped with increasing amounts of cis-vaccenic 
acid to enhance fluidity. As would be expected for a mechanism limited by the rate of 
diffusion, the time taken to establish the maximal activity of adenylyl cyclase is 
progressively curtailed as the membranes are rendered more fluid. An indication of 
membrane fluidity was obtained by measuring the polarization of fluorescence emitted by 
diphenylhexatriene, a probe molecule dissolved in the membranes. (b) The fluidity 
determines the rate constant for adenylate cyclase activation caused by adrenaline (open 
circles), but not by adenosine (filled circles). The inference is that the adenosine 

receptor is permanently coupled to the effector enzyme. Adapted from Hanski et al.”° 
and Rimon et al.’! 

could be obtained separately and then reconstituted into a functioning 
unit. In pre-cloning days this presented a difficult problem, since the 
receptors and the catalytic units which they control always share a com- 
mon membrane location. Rather than attempt to separate them physi- 
cally, the solution was to inhibit the cyclase selectively, while leaving the 
receptors intact, and then to use a second cellular source of cyclase, 
bringing the two together in order to achieve activity. The alkylating agent 
N-ethylmaleimide was used to destroy the cyclase activity of turkey red 
blood cells while leaving their membrane receptors for adrenaline unim- 
paired. These cyclase-inactive cells were then fused to adrenal cortical 
cells as a source of the active enzyme (Figure 3.20). (Adrenal cortical cells 
lack catecholamine receptors but generate cAMP when treated with the 
peptide hormone ACTH.) Immediately after the fusion, cyclase could only 
be activated by ACTH, but over a period of a few hours, it once again 
became sensitive to adrenaline.” This delay is commensurate with the 
rate at which the surface proteins of the two component cells diffused 
laterally and merged with each other in the fused plasma membrane of 
the heterokaryon (the fused cell containing two nuclei). Since the cyclase 
to which adrenaline was normally coupled had been irreversibly 
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Figure 3.20 Evidence for independent lateral diffusion of receptors and 
adenylyl cyclase. By this experiment, illustrated schematically, it was shown that 
hormone receptors and their effector enzymes (adenylyl cyclase) are separate molecular 
entities capable of independent lateral diffusion in the plane of a cell membrane. For 
details see text. 

inactivated before the fusion, this could only mean that the B-adrenergic 
receptor derived from the turkey red blood cells was now activating the 
adrenal cortical cell enzyme. It follows that the receptors and the catalytic 
units that they activate must be situated on different protein molecules. 
The experiment gave no indication that there is a third component, a 
GTP-binding protein, which intervenes between the two, communicating 
the message (Figure 4.1), from the activated receptors to the catalytic unit. 


E Intracellular 7TM receptor domains and signal 
transmission 


The onward signals for all these receptors are carried forward by confor- 
mational perturbations conveyed to the loops and the C-terminal peptide 
exposed in the cytosol. Of these, the third intracellular loop (connecting 
the E and F chains), which is rather extended in most 7TM-receptor mol- 
ecules, and also the C-terminal peptide are considered to be of particular 


importance. However, this definition of which residues and short 
stretches are involved gives no indication about how the signal is actually 
conveyed to the GTP-binding protein. Similarly, mutagenesis experi- 
ments have revealed amino acid residues and stretches on the GTP-bind- 
ing proteins that are important in recognizing the activated receptors. 

At this point, all reference to bacteriorhodopsin, the only 7TM molecule 
for which we have firm structural information, fails as a source of refer- 
ence for comparison. The structural organization of all receptors and 
receptor-like molecules requires the two-phase environment provided by 
the membrane phospholipid bilayer stabilized by both structured and by 
bulk water phases on either side. So far, only very few intrinsic membrane 
proteins have provided crystals amenable for analysis by X-ray diffraction 
measurements. Anyway, even if we knew how the C-terminal peptide and 
the intracellular loops of bacteriorhodopsin are disposed, and how these 
alter with respect to each other when activated by light, it is hardly likely 
that this would contribute to our understanding of receptor mechanisms, 
since in comparison with membrane receptors these domains are very 
short. More importantly, bacteriorhodopsin does not transmit informa- 
tion through GTP-binding proteins. 


E Adrenaline (yet again) 


It was ever thus. The cab-choked street, the PR men clutching their ulcers, the 
jewellery displayed like medals on the chest of a Soviet general, the snoozing 
men from Wall Street, the Sardi’s supper entrance. As always in any enterprise, 
Americans travel hopefully, fuelled by a thirst for adrenalin not experienced by 
most Europeans. 

John Osborne, Almost a Gentleman (Faber & Faber, London, 1991) 
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E Nucleotides as metabolic regulators 


In addition to providing the alphabet of the genetic code, nucleotides play 
many other roles. The pyrimidine bases act as identifiers for metabolites. 
For instance, CTP is a reactant in phospholipid biosynthesis in which the 
CMP moiety is transferred to phosphatidate in the formation of CDP- 
diglyceride (see Figure 8.7). Similarly, it reacts with choline phosphate in 
the formation of CDP-choline. Uridine nucleotides are involved in the 
assembly of polysaccharides: 


UDP-glucose pyrophosphorylase 
———wum-w>w>wq 5 


glucose-1-P + UTP UDP-glucose + PP, 


Purine nucleotides play their main regulatory roles in association with 
proteins, not metabolites. ATP acts as a link between metabolic processes 
and cellular activities. It is present in most cells at high concentration, 
between 5-10 mmol/l in the cytosol of muscle and nerve. 

It is also subject to rapid turnover. The human body typically turns over 
90% of its entire content of ATP within 90 seconds; thus, an amount equiv- 
alent to 75% of the body weight, about 40 kg, is turned over every day. In 
spite of this, the cellular concentration of ATP generally remains remark- 
ably constant, even in muscle in the face of sustained dynamic work. In 
the extracellular environment ATP also acts as a neurotransmitter. 

The possibility that GTP might act as a factor necessary for cellular 
processes first became apparent in connection with its requirement 
for gluconeogenesis (phosphoenolpyruvate carboxylase) and in the 
operation of the tricarboxylic acid cycle (succinyl CoA synthase). It is 
a necessary component, together with mRNA, activated amino acids 
(aminoacyl-tRNA) and ribosomes, in the initiation and elongation reac- 
tions of protein synthesis. In this sense, the initiation factors and elon- 
gation factors should be regarded as the original GTP-binding proteins. 


E ATP is not quite what it seems 


In the early years following the discovery of cAMP all that was required to 
detect the activity of adenylyl cyclase in cell membrane preparations was 


Estimates of cytosol ATP 
concentration have been 
somewhat lower for other 
cell types (1-3 mmol/l). The 
determination of its 
concentration depends ona 
good estimate of cytosol 
volume. 
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Figure 4.1 Introduction of the idea of a transducer in the relay of the 
receptor signal to the effector: (a) The early view. (b) A transducing GTP-binding 
protein relays the signal. Adapted from Rodbell.‘ 


an activating hormone and the substrate ATP (as its Mg** salt) (Figure 
4.1a). The membranes, containing an appropriate receptor and the cat- 
alytic unit, did the rest. At least, that was the general idea. The economi- 
cal manufacture of ATP, in a high state of purity and in large quantities, 
has been a notable achievement of the commercial suppliers. It is now 
possible to purchase a gram of crystalline ATP, better than 99% pure, for 
less than the price of a pint of beer, but this was not always the case. 
Although commercially produced ATP was good enough as a substrate in 
the 1960s, sometime around 1970 it became erratic, occasionally register- 
ing zero activity. A similar impasse had been encountered previously in 
the investigation of fatty acid biosynthesis, and it had been found that an 
impurity had been lost as the quality of the ATP had been improved, and 
this was CTP. In the case of adenylyl cyclase experiments, it was the exclu- 
sion of contaminating traces of GTP that caused the loss of activity. 
Addition of GTP now allowed hormone-induced generation of cAMP to 
proceed.! Pertinently, it also had the effect of reducing the affinity of ago- 
nist (but not of antagonist) binding at receptors.” It was clear that GTP 
plays a central role in the cyclase reaction, not as a substrate but as a 
cofactor. The two established components, in Rodbell’s terminology the 
discriminator (receptor) and the effector were now joined by a third, the 
transducer that binds GTP (Figure 4.1b). 


E GTP-binding proteins, G-proteins or GTPases 


The current terminology of GTP-binding proteins embraces G-proteins 
and GTPases. All are capable of hydrolysing GTP, so, technically, all are 
GTPases. The term G-protein is generally reserved for the class of GTP- 
binding proteins that interact with 7TM receptors. All of these are com- 
posed of three subunits, a, B and y, and so it is also common to refer to the 
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class of heterotrimeric G-proteins. This distinguishes them from the other 
main class of GTP-binding proteins involved in signalling. These are 
monomeric and are related to the protein products of the ras proto-onco- 
genes. Collectively, the GTP-binding proteins are everywhere.® The basic 
cycle of GTP binding and GTP hydrolysis, switching them between active 
and inactive states is common to all of them and it is coupled to many 
diverse cellular functions.’ 

Historically, the G-proteins linked to the 7TM receptors were dis- 
covered before the Ras-related proteins and this is the order in which we 
consider them here. 


E G-proteins 


Heterotrimeric structure 
The structural organization of the components a, B and y-subunits in a 
heterotrimeric G protein (G) is illustrated in Figure 4.2. The B-subunit, 
which has seven regions of f structure organized like the blades of a pro- 
peller, is tightly associated with the y-chain and together they behave as a 
single entity, the By-subunit. The a-subunit contains the nucleotide bind- 
ing site and it forms contacts with one face of the B-subunit. The whole 
assembly is anchored to the membrane by hydrophobic attachments, one 
at the N-terminal of the a-subunit and the other at the C-terminal of the 


Figure 4.2 Three-dimensional structure of the a- and By-subunits of G, The a-subunit 
(left, cyan) has a molecule of GDP bound. The N-terminal helix is at top right. The By- 
subunits (B green, y yellow) are in close apposition. The surface of the heterotrimeric 
structure that is in contact with the membrane is at the top of the figure. The 
hydrophobic attachments that are responsible are not shown. They involve the N-terminal 
of the a-subunit and the C-terminal of the y-subunit. The separate By-subunit on the 
right has been rotated about a vertical axis to show the f propeller structure. (Data 
source: | gp2.pdb**). 


Here, we differ from most 
textbook accounts of 
G-protein activation. These 
state that the activated 
heterotrimer dissociates into 
two functional components, 
a-GTP and By. a-GTP then 
seeks out the effector 
enzyme and activates ic. 
However, with the notable 
exception of transducin (the 
G-protein that mediates 
visual transduction), the 
evidence for the physical 
separation of -subunits 
from By-subunits is slight 
(though activated hetero- 
trimers are certainly more 
readily dissociated in test- 
tube experiments). A 
dissociation mechanism of 
G-protein activation may 
only be a hypothesis without 
a strong experimental basis 
but unfortunately it also 
represents the paradigm 
underlying the strategy of 
most experimental 
investigations in this area. It 
may be fortuitous that 
exogenous G-protein a-and 
By-subunits retain the 
activities of activated 
heterotrimeric G-proteins.’ 
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y-subunit. The structures of these lipid modifications are shown in Figure 
4.9 and specific modifications are listed in Table 4.2). 


The GTPase cycle: a monostable switch 

The cycle of events regulated by all GTP-binding proteins starts and ends 
with GDP situated in the guanine nucleotide binding site of the o-sub- 
units (Figure 4.3). Throughout the cycle, the G-protein remains associated 
with the effector enzyme through its a- or By-subunits, but its association 
with the activated receptor is transient®" (‘collision coupling’). Upon 
stimulation, and association of the receptor with the G-protein—effector 
complex, the GDP dissociates. It is replaced by GTP. The selectivity of 
binding and hence the progress of the cycle is determined by the 10-fold 
excess of GTP over GDP in cells (GTP is present at about 100 pmol/l). After 
activation, the contact between the G-protein and the agonist-receptor 
complex is weakened, so allowing the receptor to detach and seek out fur- 
ther inactive G-protein molecules. This provides an opportunity for signal 
amplification at this point. 

The irreversibility of the cycle is determined by cleavage of the terminal 
phosphate of GTP (the GTPase reaction). With the restoration of GDP in 
the nucleotide binding site of the a-subunits, the G-protein, and with it 
the effector enzyme, return to their inactive forms. G-proteins are often 
referred to as molecular switches. Actually, this may not be the best 
description, because they do not necessarily switch off abruptly. A better 
analogy might be the light switch on the landlady’s staircase, the kind 
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Figure 4.3 Activation and deactivation of G-proteins by guanine nucleotide exchange and GTP 
hydrolysis. Activation and deactivation of the G-protein a-subunit by (1) guanine nucleotide exchange and (2) GTP 
hydrolysis. The receptor binds ligand and is activated to become a catalyst, enhancing the rate of detachment of bound 
GDP from the a-subunit of the G-protein. The vacant site is rapidly occupied by GTP and this causes activation of the 
a- and fsy-subunits, enabling them in turn to activate specific effector enzymes. The interaction between receptor and 
G-protein is transient, allowing the receptor to catalyse guanine nucleotide exchange on a succession of G-protein 
molecules. The system returns to the resting state following hydrolysis of the bound GTP on each of these. 
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which, when pressed (GDP/GTP exchange) switches on the light for just 
the time it takes to make the dash up to the next landing (when GTP 
hydrolysis occurs). In electronic parlance this would be called a mono- 
stable switch. The activation is thus kinetically regulated, positively by the 
initial rate of GDP dissociation and then negatively by the rate of GTP 
hydrolysis. In this way, the state of activation can be approximated by the 
ratio of two rate constants, each of which is under independent control:'”” 


active/inactive = on/off 
= [Ga:GTP]/[Ga:GDP] 


Kais! Kea Equation 4.1 
where k is the rate constant for the dissociation of GDP and k,,, is the 


rate constant for the hydrolysis of GTP. 

The GTPase cycle, first perceived in the processes of visual phototrans- 
duction" and B-adrenergic activation of adenylyl cyclase, is central to 
many important signal transduction mechanisms.’ The GTP-bound form 
of the a-subunit is required to activate effector enzymes such as adenylyl 
cyclase and phospholipase C. The duration of this interaction lasts only as 
long as the GTP remains intact. As soon as it is hydrolysed to GDP com- 
munication ceases and the effectors revert to their inactive state. 


M Switching off activity: switching on GTPase 


It was initially surprising to find that the rate of GTP hydrolysis catalysed 
by isolated G-proteins is far too slow to account for the transient nature of 
some of the known G-protein-mediated responses. The extreme example 
must be the visual transduction process which, of necessity, must be 
turned off rapidly. When the lights go off, we perceive darkness promptly. 
If transducin (G,, the G-protein responsible for visual transduction) was 
able to persist in its active form (a,-GTP), the illumination would appear 
to dim gradually as the hydrolysis of GTP proceeds. It is now clear that the 
rate of the GTPase reaction (k,,,) is stepped up very considerably as soon 
as activated a-subunits come into contact with effector enzymes. This is 
certainly the case for the GTP hydrolysis catalysed by a,™* (see Chapter 
6). Likewise, the GTPase activity of the g-subunit of G, is accelerated as a 
result of its association with its effector enzyme, phospholipase CB,!*!’ so 
ensuring that the a-subunit retains its activity just for as long as it takes to 
make productive contact. More generally, the GTPase activity of the main 
classes of G-proteins, (with the exception of the G, subgroup) are subject 
to regulation through the family (at least 20 members) of RGS proteins 
(regulator of G-protein signalling). These interact with specific a-subunits 
to accelerate the rate of GTP hydrolysis and act as acute regulators of a 
wide variety of physiological processes.'* The smaller RGS proteins (<220 
residues) appear to have no particular homologies apart from their con- 
served catalytic (RGS) domain. Others, however, are much larger 
(370-1400 residues), and possess multiple structural domains (DH, PH, 
PTB, PDZ, etc: see Chapter 18) that might allow them to link up with other 
proteins involved in signalling. An example is the desensitization of a Ca** 


The lower maximal 
activation (for example, of 
adenylyl cyclase) achieved by 
the so-called partial agonists 
can be ascribed to lower 
rates of GDP dissociation.'” 
Unlike full agonists, partial 
agonists fail to distinguish 
perfectly between the active 
and the inactive 
conformations of the 
receptor, thus they have 
some of the character of 
inverse agonists (see page 
59). 
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channel (N-type) which is mediated through GABA, receptors and G, and 
opposed by RGS12.!° This provides yet another level of control over the 
processes regulated by G-proteins. Also, there is the possibility that the 
RGS proteins might themselves be subject to regulation through the level 
of their expression. 

There are other proteins having similar activity that act to enhance the 
GTPase activity of the small monomeric GTP-binding proteins such as 
Ras. These are known as GTPase activating proteins or GAPs (see below). 


Modulation of receptor affinity by G-proteins 

One of the earliest indications of a role for GTP in the activation of 
receptor-mediated-processes was the lowering of the affinity for activat- 
ing ligands by stable chemical analogues of GTP (GTPyS, GppNHp, etc.; 
Figure 4.4). Because these analogues are not readily hydrolysed they 
ensure that the a-subunits remain persistently activated. This, coupled 
with the observation that application of agonistic (but not antagonistic) 
ligands accelerates the rate of GTP hydrolysis,” gave the clue that the 
communication between receptors and GTP-binding proteins is a two- 
way affair. The receptors speak to the G-proteins and the G-proteins 
speak to the receptors. Following activation, the contact between the G- 
protein and the agonist-receptor complex is weakened, so allowing the 
receptor to seek out another G-protein molecule. The situation for inverse 
agonists is the converse (Figure 4.5).??5 We referred earlier (Chapter 3) to 
the example of the oxytocin receptor, for which progesterone acts as an 
inverse agonist, binding to the receptor in its inactive conformation. Here 
GTPyS characteristically causes the affinity for the peptide hormone to 
decline while the affinity for steroid hormone increases.”° 
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Figure 4.4 Structures of stable analogues of GTP. 
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Figure 4.5 Opposing effects of guanine nucleotides on the binding of agonists 
and inverse agonists to receptors. The diagram illustrates the equilibrium between 
the inactive (cyan, r) and active (magenta, R) states of a receptor. Agonistic ligands (LIG) 
bind exclusively to the active form of the receptor and thus increase the proportion and 
the total amount (R + LIG.R) of the receptor in the form that can transmit a signal. 
Conversely, inverse agonists (lig) bind exclusively to the inactive form of the receptor and 
thus increase the total amount of the receptor (r + lig.r) in the form that is incapable of 
transmitting signals. The stable analogue, GTPYS, depresses the affinity of receptors for 
agonists while enhancing their affinity for inverse agonists. There is no effect on the 
affinity for the common competitive inhibitors. Compare this figure with Figure 3.17. 


E a-Subunits 


Historically, an experimental challenge has been to manipulate receptors, 
G-proteins and effector enzymes independently of each other. Because 
the receptors and the effectors are intrinsic membrane proteins, they can- 
not readily be added or withdrawn in an experimental system. Even 
though they can be mixed and matched in cell fusion experiments, as dis- 
cussed in Chapter 3, this system does not allow the manipulation of the 
different subunits of the heterotrimeric G-proteins. Instead, it was the use 
of the lymphoma cell line S49 cyc that led to the identification of the a- 
subunits as the GTP-binding component relaying signals from receptors 
to adenylyl cyclase.” 

In the wild-type S49 cells, elevation of cAMP has the effect of arresting 
the cell cycle in the G1 phase (for details, see Chapter 10) and then pro- 
moting cell death’. By growing the cells in the presence of isoprenaline 
to elevate cAMP and then rescuing the few survivors, and then repeating 
this procedure, a resistant line, cyc’, was obtained* (Figure 4.6). 

Although endowed with B,-adrenergic receptors and an adenylyl 
cyclase which could be activated by the terpenoid forskolin (a direct acti- 
vator of adenylyl cyclase: see Chapter 5), these cells are unresponsive to 
agonists binding at the B,-adrenergic receptor. The signal transduction 
pathway may be said to have become uncoupled. Something stands in the 
way (or is missing), so that the communication between the receptor and 
the effector enzyme is blocked. 

Communication between the receptor and the cyclase can be estab- 
lished by provision of the GTP-binding component (a-subunit of the G- 
protein G) to the membranes of these cyc cells.” By failing to express 
the GTP binding a,-subunit, the cyc cells avoid the possibility of lethal 
elevation of cAMP. This system has been widely used as a test-bed to study 


Of course, cyc” is a 
misnomer, based on the 
initial thought that these 
cells might be devoid of 
adenylyl cyclase. 
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Figure 4.6 Reconstitution of hormone stimulated cyclase activity in S49 cyc` lymphoma cells by 
addition of a,-subunits. The figure illustrates the principle underlying the selection of a line of cells (S49 cyc™) that 
fail to generate cAMP in response to stimulation by ligands that bind to receptors linked to G,. Activity can be 
restored to the isolated membranes by addition of G-protein a -subunits. 


Table 4.1 Some functions of G-protein a-subunits 


Generation of second messengers 


Other processes 


a, Stimulation of adenylyl cyclase 

Q Stimulation of adenylyl cyclase 

a, Inhibition of adenylyl cyclase 

a, Inhibition of adenylyl cyclase 

a, Inhibition of adenylyl cyclase 

a, Inhibition of type | adenylyl cyclase” 


a, Stimulation of cyclic GMP 
phosphodiesterase 
a, K? channel closure 


a, Stimulation of PLCB***? 
Stimulation of Btk** 


a, Stimulation of Btk’®, RasGAP 
(Gap |m)** 
Suppresses a.,, on RhoGEF 
Q, Stimulates activity of RhoGEF*” 


Mitogenic signalling***® 
Positive regulation of insulin action” 


Potentiation of EGF-R and Ras signals to 
MAP kinase” 

Sequestration of Rap! GAP”, activation of 
STAT 3%, inhibition of cardiac L-type currents"! 


Affects migratory responses of fibroblasts to 
thrombin 

Platelet function disrupted in a,‘ (knock-out) 
mice” 


Regulation of developmental angiogenesis’? 
Affects migratory responses of fibroblasts to 
thrombin“? 
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the effects of different GTP-binding proteins, for example, proteins with 
selected point mutations or chimeric variants containing components of 
different G-proteins such as G, and G, (inhibitory). This opened the way to 
understanding the roles and interactions of G-proteins in the sequence of 
steps leading from receptor occupation to cyclase activation. 


a-Subunits determine G-protein diversity 
The diversity of the heterotrimeric G-proteins is principally a function of 
their a-subunits (Table 4.1). Unlike the receptors, of which there are prob- 
ably thousands, there are only 16 genes specifying the o-subunits in 
animals (with alternative splice variants of G, and G,, these provide about 
20 gene products in all) (Figure 4.7). 

Most animal cells express 9 or 10 of the 16 possible a-subunit gene 
products. Some, such as the a, a, and a... genes are expressed only in 
single classes of sensory cells (photoreceptors, olfactory epithelial neu- 
rones and taste receptors). Others are found in cells that share a common 
embryonic origin. Thus, a -subunits are expressed in cells derived from 
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Possibly as much as 1% of 
the human genome codes for 
G-protein coupled receptors, 
the odorant receptors of the 
olfactory epithelium alone 
contributing several hundred. 
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Figure 4.7 Evolutionary relationship of G-protein a-subunits. All proteins that bind GTP have related 
sequences in those segments that interact directly with the nucleotide (see Figure 4.12). The sequence identity of the 
a-subunits of heterotrimeric G-proteins is greater than 40%. In the figure, examples of downstream effectors that 
generate second messengers are given. Some other effector proteins that are discussed elsewhere in the book are also 
listed. Note that G, is expressed in short and long forms as a result of alternative splicing. Btk, Bruton’s tyrosine 
kinase,“*“* is a non-receptor protein tyrosine kinase (see Chapter 12). It is likely that G, and G,, also regulate other 
related protein tyrosine kinases. RhoGEF*”*? see Chapter 14. Rap! GAP interaction with G}? see Chapter 9. The 


dendrogram is adapted from Simon et al.” 


The a, subunits of rats and 
humans differ by only a single 
amino acid out of a total of 
394; a, is identical in cows 
and humans and @,,4,,,a@, and 
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identity among all mammalian 
species. 
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the neural crest and in endocrine tissues such as the pancreatic B-cells 
and the pituitary gland. a, is found primarily in neurones and a, is 
expressed exclusively in cells of haematopoietic origin. Only a, a,, and a,, 
are universally expressed in animal cells and most cells also express a, 
and either a, or @,,. 

When the amino acid sequences of the various a-subunits are aligned, 
it can be seen that about 40% of the residues are invariant. Moreover, the 
proteins are strongly conserved in evolution. It is likely that this high 
degree of conservation has been driven by the need to maintain the very 
specific, yet multiple physiological functions of each of these protein gene 
products. 

We can classify the family of a-subunits in four main classes, each of 
which contains a number of closely related isotypes (Figure 4.7). Thus, the 
a-subunits of mammalian a, and a,,, differ only in 12% of their amino 
acids and a, and a, differ in only 6%. 

Within these groups, the functions are, in the main, closely related. 
All the three a, proteins inhibit adenylyl cyclase; all a-subunits of the 
G,,,, family activate PLCB. Other a-subunits function not in the regu- 
lation of second messengers, but to modulate the activity of proteins 
in other signal transduction pathways. The opposing effects of a,, and 
a on the activity of RhoGEF is an example of this*’*? (see Chapter 
14). 

Also, a, and a,, are able to activate Btk (Bruton’s tyrosine kinase) and 
possibly other related non-receptor protein tyrosine kinases (see Chapter 
12). 

The downstream effectors of some of the a-subunits still remain very 
uncertain. In particular, the functions of G, have so far evaded any sort of 
precise description. A problem here is that G, appears to have multiple 
effects. One might have thought that ablation of the gene coding for such 
an abundant protein, as much as 2% of membrane protein in brain, 
would generate a drastically affected phenotype that would offer a ready 
diagnosis. Yet a,‘ (knockout) mice survive some weeks. They are hyper- 
active, tending to run in circles for hours on end, and display hypersensi- 
tivity in standard pain tests.*! There appears to be some involvement of G, 
in the regulation of voltage-sensitive (L-type) Ca* channels, but this is 
likely to be indirect. Among other functions of G, it regulates the activity 
of Rapl, a Ras-related protein*® (see Chapter 9), it enhances signalling 
from the EGF receptor, potentiating the activity of ERK (extracellular sig- 
nal regulated protein kinase)” and it activates signalling by STAT3” (see 
Chapter 11). 


Sites on a-subunits that interact with the membrane and with other proteins 
The C-terminal region of a-subunits dictates the specificity of interaction 
with receptors. It is the site of ADP-ribosylation by pertussis toxin (see 
Chapter 5). The N-terminal sequence is the site of interaction with By- 
subunits. When removed, interaction with By-subunits is prevented. The 
N-terminal glycine of the a-subunit of G, and G, is the site of attachment 
of myristic acid (CH,(CH,),,COOH) on the a-subunits of G, and G, a 
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modification that facilitates heterotrimer formation. Antibodies raised 
against synthetic peptides having the same sequences that are present in 
the C-terminal domain of a-subunits block the line of communication 
from receptors." Point mutations in this region also determine an 
‘uncoupled’ (unc) phenotype® in which downstream processes can be 
stimulated by stable analogues of GTP (see Figure 4.4).They also fail to 
respond to receptors. 

It has been much harder to determine the sites at which a-subunits 
communicate with effectors. This is because the protein interfaces are not 
composed of just a few residues on a single stretch of the chain. Instead, 
they are distributed as clusters that are present on different loops, sepa- 
rated by long distances in the sequence. After an extensive analysis of 
chimeric proteins constructed from a, and a, three distinct regions were 
perceived to be necessary for the interaction with adenylyl cyclase. More 
recently, detailed structural information based on X-ray crystallography 
of a, and a, has revealed the structural changes that occur when GDP is 
exchanged for GTP. Here, the lessons learned from crystallographic 
investigations of the small GTPases, such as Ras, provide a valuable key to 
the understanding of the mechanics of the more complex a-subunits. 
There may yet be more to learn as molecular models are obtained in the 
same way for complexes of Ras with the Ras-binding domains of their 
effector proteins (Raf-1, see Chapter 11) and modulators (RasGAP: see 
below). 

Crystallographic studies of a, and a, indicate that these proteins are 
folded as two independent domains*** (Figure 4.8). One of these (rd) has 
a structure closely related to Ras, and contains the guanine nucleotide 
binding site. The other is a compact helical domain (hd, a bundle of 
six helices) that is absent from Ras and other monomeric GTP-binding 


a subunit of Gi 


Figure 4.8 The a-subunits of G proteins and the monomeric GTPases exhibit 
structural similarities. a, (left) has an rd domain (ras domain, upper half) that 
resembles the small GTPase Ras (right). The lower half of the a, structure is the hd 
domain (helical domain). Each molecule has a bound GDP. (Mg”* is only indicated in the 
RasGDP structure, green sphere.) Data source: q; |gp2.pdb°*, RasGDP: 4q2 | .pdb.'?°!78 


proteins. All the sites of interaction linking the a-subunits to other pro- 
teins had been mapped to the conserved Ras-like domain and the 
amino-terminal sequence. However, the sequences of the hd domains in 
the different a-subunits vary considerably and so it was reasonable to 
think that they might be linked to function. What this function might be, 
if any, was largely a matter for speculation. Among the ideas considered 
were that it might be involved in effector recognition, that it might mod- 
ulate the affinity of GTP-binding or act as an intrinsic GTPase-activating 
protein (GAP: see below). Now it now appears that the hd domain of 
the transducin o-subunit (a) acts as an allosteric modulator, enhancing 
the efficiency of the interaction of the activated a, with its effector, cyclic 
GMP phosphodiesterase® (see Chapter 6). The helical domains of the 
a-subunits of the other main G-protein classes may also be allosteric 
modulators of effector enzymes. 


M By-Subunits 


f and y subtypes 

There are 5 B subtypes sharing 50-90% identity (with molecular masses of 
either 35 kD or 39 kD) and at least 12 subtypes of y (5-10 kDa). The 
sequences of y are more diverse. Not all of the potential By pairs exist in 
nature; for example, there is B,y,, but not B,y,. Regardless of this, in recon- 
stitution experiments, the By-subunits seem to be interchangeable in 
their association with a-subunits, with one clear exception: the a-subunit 
of transducin, «,, associates with B,y,, uniquely expressed in photorecep- 
tors. Mammalian y-subunits are post-translationally modified at the C- 
terminus by the addition of the 20-carbon geranylgeranyl group (four 
isoprene units) or the 15-carbon farnesyl group (three isoprene units) 
(Table 4.2; Figure 4.9) . This hydrophobic adduct ensures that they are 
tethered to the membrane and with them, their associated B-subunits. 
Although mutated y-subunits unable to undergo the prenylation reaction 
still associate with B-subunits, the resulting heterodimers are soluble and 
unable to interact with a-subunits such as @.. 


Table 4.2 Heterotrimeric G-protein 
post-translational lipid modifications 


Subunit Modification 
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Figure 4.9 Membrane tethering of By-subunits through post-translational 
modification. 


By-Subunits as signalling proteins 
The first indication that By-subunits can transmit information independ- 
ently of a-subunits and of second messengers (cAMP, Ca”, etc.) was in 
connection with the process by which acetylcholine reduces cardiac out- 
put through parasympathetic stimulation.™ As related in Chapter 1, this 
very effect had provided the first firm evidence in favour of the idea of 
chemical transmission at synapses. Some 70 years later, it was found that 
this muscarinic response is mediated by a G-protein.®! No soluble second 
messenger is involved and the G-protein, likely to be G, or G, (sensitive to 
pertussis toxin: see Chapter 5), is understood to interact directly with a 
cardiac Kt channel. As with the early idea of chemical transmission, the 
proposal that By-subunits are capable of signal transduction was regarded 
as heretical and generated much fractious debate.” It then emerged that 
purified By-dimers induce the opening of K* channels when applied to the 
inside surface of isolated membrane patches. ® Counter-arguments 
came from those who insisted that the phenomenon was more likely due 
to the presence of contaminating a-subunits or even to the detergents 
used to maintain the G-proteins in solution. However, similar experi- 
ments using purified a-subunits produced erratic results at best. The dust 


The class of enzymes, 
including BARK and 
rhodopsin kinase, that 
phosphorylate 7TM 
receptors are called 
G-protein-coupled 
receptor kinases (GRKs). 
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only settled when it was shown that co-expression in Xenopus oocytes of 
By-subunits together with the muscarinic K* channel results in constitutive 
(persistent) activity. In contrast, application of a -subunits containing 
GTPyS or co-expression of a-subunits with the K* channel is without 
effect.“ By the time the argument had been finally resolved (at least to 
the satisfaction of most people), it had also been shown that By-subunits 
are activators of phospholipase A,® and some f-isoforms of phospho- 
lipase-C.® 

It is now clear that at the functional level, G, and all the other het- 
erotrimeric G-proteins behave as if they were a dimeric combination of 
an a-subunit and an inseparable By pair. By-Subunits have the following 
functions: 


e They ensure the localization, effective coupling and deactivation of 
the a-subunits. 


¢ They regulate the affinity of the receptors for their activating ligands. 


e They reduce the tendency of GDP to dissociate from a-subunits (thus 
stabilizing the inactive state). 


e They are required for certain a-subunits (G, and G,) to undergo cova- 
lent modification by pertussis toxin (ADP-ribosylation; see Chapter 5). 


¢ They interact directly with some downstream effector systems. 
e They regulate receptor phosphorylation by specific receptor kinases. 


Receptor phosphorylation, down-regulation and pathway switching 
The By-subunits also serve to present negative feedback signals as 
demonstrated first through the activation of rhodopsin kinase“ and later 
with the B-adrenergic receptor kinase (BARK). 

Receptors such as muscarinic and adrenergic receptors, phosphory- 
lated at serines and threonines on the C-terminal domain (see Figure 
3.14, page 53) become targets for the binding of arrestins and this pre- 
pares them for removal by endocytosis. It is thought that this mecha- 
nism is of particular importance in locations, such as sympathetic 
synapses, where agonist concentrations have a tendency to soar (the tran- 
sient concentration of catecholamines within a synaptic cleft can reach 
10 mol/l). Moreover, while the phosphorylation prevents the normal line 
of communication to G-proteins (desensitization), the bound arrestin can 
also act as a docking site for the soluble protein tyrosine kinase Src. This 
initiates a new signalling pathway resulting in the activation of ERK (see 
Chapter 11).” 

As the concentration of the stimulus is increased, two phosphorylating 
mechanisms, catalysed by protein kinase A (PKA), cAMP activated protein 
kinase, see Chapter 9), and by BARK are called into action. Since these two 
kinases have different substrate specificities (consensus sequence selec- 
tivities), reacting with different residues in the C-terminal domain of the 
receptor, the pattern of phosphorylation is different (see Figure 3.14, page 
53). It depends on whether there has been mild (low stimulus concentra- 
tion, inducing PKA activity) or strong activation (high stimulus concen- 
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Figure 4.10 Heterologous and homologous desensitization by phosphorylation of receptors: 

(a) Heterologous desensitization. Under mild stimulating conditions, the generation of cAMP results in the 
phosphorylation of all proteins (including receptor molecules) having the PKA substrate consensus motif (-RRSS-). The 
phosphorylation of receptors occurs regardless of their state of occupation and so the consequence is a generalized 
down-regulation of all the receptors that regulate cAMP production. (b) Homologous desensitization. Under strong 
stimulation, the By-subunits associated with the receptor act as an anchor for the soluble receptor kinase (BARK in 
the case of B,-adrenergic receptors) which phosphorylates only this receptor molecule. 


tration, additionally activating BARK). The consequence of phosphoryla- 
tion at the PKA-reactive sites provides a classic feedback mechanism, 
which acts to disrupt the line of communication with the effector, adeny- 
lyl cyclase, and so shuts down the production of cAMP. The phosphoryla- 
tion due to PKA, which may be maximally activated when less than 10% of 
the receptors are occupied (see Chapter 3), will also act to down-regulate 
other receptors having appropriate phosphorylation sites. These also will 
then be prevented from activating cyclase (heterologous desensitization, 
Figure 4.10). Phosphorylation by BARK or other receptor specific kinases 
affects only those receptors that are in contact with By-subunits (homo- 
logous desensitization). In this way, we can see that the responsiveness of 
activated receptors can be suppressed either specifically, by individual 
receptor kinases (homologous desensitization: same receptor), and also 
more generally through the action of second messenger activated, broad 
spectrum kinases such as protein kinase A and protein kinase C (hetero- 
logous receptor desensitization). 

It must be evident that the whole sequence of control, from the first 
interaction of a hormone with its receptor right through to the generation 
of second messengers, and then back again to the receptors, is tightly reg- 
ulated at all stages. Throughout, it remains flexibly sensitive to the needs 
of the cell. 


E Ras proteins 
M Monomeric GTP-binding proteins discovered as oncogene products 


The Ras proteins are often referred to as proto-oncogene products. This is 
because they were first discovered as the transforming products’)” of a 
group of related retroviruses, including the Harvey murine (H) virus” and 
Kirsten sarcoma (K) virus.“ The transforming genes are fusions of the viral 


Gag (glycosylated antigen) is 
the gene encoding the 
internal capsid of the viral 
particle crk (C10 regulator 
of kinase). 


The incidence of mutated 
Ras proteins varies among 
different types of tumour: 
90% of human pancreatic 
adenocarcinomas and 50% of 
colon adenocarcinomas are 
associated with Ras 
mutations. They are rarely 
found in adenosarcoma of 
the breast. 


Yeast RAS activates adenylyl 
cyclase.*' The proteins RASI 
and RAS2, having 321 and 
309 residues, are longer than 
their mammalian 
counterparts, though the 
first 80 residues still maintain 
a high (80%) degree of 
homology. Yeast cells lacking 
both RASI and RAS2 are 
non-viable, but viability can 
be restored if they are 
induced to express the 
homologous mammalian 
H-Ras.®283 (By convention, 
capital letters are used to 
indicate yeast genes.) 


gag gene (see page 262) and one of the Ras genes derived from the rats 
through which the virus had been passaged. 

N-Ras was discovered as a transforming gene product having sequence 
homology to the other Ras proteins, present in a neuroblastoma cell 
line. They are all single-chain polypeptides, 189 amino acids in length, 
bound to the plasma membranes of cells by lipidic post-translational 
attachments at their C-termini (Table 4.3). They all bind guanine 
nucleotides (GTP and GDP) and they are GTPases.’””* Evidence for a link 
to human tumours came with the finding that cultured fibroblasts trans- 
fected with DNA derived from a human tumour cell line contain a 
mutated form of Ras.’ 

In a high proportion of human tumours one of the three endogenous 
cellular forms of Ras is altered by somatic mutations that inhibit the rate 
of GTP hydrolysis.” This ensures that they are in a persistently activated 
state. On the other hand, non-oncogenic forms, c-Ras, are present in 
all cells. They are regulators of cell growth and differentiation (see 
Chapter 11). 


E Subfamilies of Ras 


The sequences of the Ras proteins are closely related (see Figure 4.11). 

The first 164 amino acids of human H-Ras and chicken Ras differ in 
only two positions, and the sequences of the first 80 amino acids of 
human N-Ras and Drosophila D-Ras are identical. These close similarities 
are supported by many conservative substitutions. As with the a-subunits, 
it is likely that this high degree of conservation has been driven by the 
need for these proteins to communicate with a large number of other 
components, including the activators, inhibitors and effectors (see Figure 
4.15). 

The Ras proteins are regarded as the archetypes of a large superfamily. 
All members share some sequence homology to Ras and then fall into 
distinct groups, called Ras, Rho, Rab, Ran and Arf. Within each subfam- 
ily, the homologies are rather strong. Beyond the more immediate sub- 
groups of the Ras superfamily, all these proteins share some limited 
sequence homologies with short ‘fingerprint sequences present in the 
bacterial elongation factors (involved in protein synthesis) and also in the 
a-subunits of the heterotrimeric G-proteins (Table 4.4, Figure 4.12). 


Table 4.3 Monomeric GTPase post-translational lipid 
modifications 


GTPase Target sequence 


Modification 


H-Ra 
N-Ra CVVIs 


K-Ra 
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Figure 4.1! Main features of the Ras primary sequence. The mammalian Ras proteins (H, K and N) share very 
close identity for the first 164 amino acids (green indicates identity, mauve indicates a conservative substitution). With 
the exception of the cysteine residue (186), the C-terminal segment is highly divergent (yellow). The lower sections of 
the figure illustrate the details of sequence motifs involved in binding to the guanine nucleotide, the effector domain 
and the C-terminal-Caax box chat forms the substrate for post-translational modification by isoprenylation. The 
residues marked in red are associated with oncogenic mutations. 


Indeed, the presence of these short sequence motifs, appropriately dis- 
tributed along the chain of a protein, can be taken as a fairly sure indica- 
tion that it will be a GTPase. More than this, the presence of B-strands 
immediately adjacent to these highly conserved motifs is an invariant 
feature, whether they are Ras-related, elongation factors or a-subunits. 
Not too surprisingly, these conserved motifs constitute the sites of contact 
with guanine nucleotides. 


E Structure 


A stereo image of the three-dimensional structure of Ras is shown in 
Figure 4.13. This indicates the elements of secondary structure and those 
connecting regions, Gl-G5, that form the nucleotide binding in colours 
corresponding to Table 4.4 and Figure 4.12. These motifs are also present 
in the elongation factors and the a-subunits of heterotrimeric G-proteins. 
The residues 26-45 encompassing the G2 contact, comprise the effector 
region that communicates with downstream proteins. Within this region, 
residues 30-40 are conserved in all forms of Ras, from yeast to mammals, 
and when mutated, the products are generally inactive (as measured in 
cell transformation assays: see ‘Cancer and transformation’, page 246). 
Ras proteins mutated in the effector domain (switch region, see below) 
retain the ability to bind and catalyse the hydrolysis of GTP. Even when 
combined with a second (transforming) mutation that suppresses GTP 
hydrolysis and therefore prolongs the lifetime of the activated GTP bound 
state, the effector mutants remain biologically inactive." The sequence of 
amino acids between codons 97 and 108 are responsible for interaction 
with guanine nucleotide exchange proteins (GEFs).® 
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Table 4.4 Conserved nucleotide binding motifs in H-Ras and bovine a. Binding 
contacts in red bold; non-conserved residues in lower case 


Contact Residues Sequence 
G1 Ras (10 - 17) GaggyGKS Binds to a- and f-phosphates 
a, (40 - 47) GagesGKS 
G2 Ras (32 - 36) YpdTi Mg” coordination, effector loop 
a, (178 - 182) rvkTt NB: The equivalent arginine (R201) in 
the G2 loop of a, is the site of ADP- 
ribosyl attachment by cholera toxin 
G3 Ras (57 - 60) DtaG Binds to Mg”, glycine binds to the 
y-phosphate of GTP 
a, (200 - 203) DvgG 
G4 Ras (116-1179) NKcD Confers specificity for guanine over 


other nucleotides 
a, (269 - 272) NKkD 
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Figure 4.12 Conserved nucleotide binding motifs in Ras, G, and EF-Tu. Three 
families of GTPases have generally divergent sequences but possess short stretches 
(GI-GS) that are similar to each other. When folded these segments are almost 
superimposable and comprise the guanine nucleotide binding pocket. The motifs G2 and 
G3 (in blue) lie within the switch regions | and 2 that undergo a conformational change 
when GDP is exchanged for GTP. The extended sequence marked hd on the a-subunit 
represents the helical domain which is absent from the other GTPases. Adapted from 
Bourne.® 


Two regions of Ras, called the switch regions, change their conforma- 
tion when the GDP is exchanged for GTP. These are indicated in Figure 
4.14; here the nucleotide binding site is occupied by the non-hydrolysable 
GTP analogue GppNHp. Both switch-1 and switch-2 regions are impli- 
cated in the binding to effectors (such as the serine-threonine kinase Raf- 
1: see Chapter 11) and to the GTPase activating protein RasGAP. Switch-1 
corresponds to the G2 loop that forms a part of the binding site for Mg” 
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Figure 4.13 Three-dimensional structure of RasGDP. In this stereo image, the 
conserved motifs GI-G5 that make contact with the nucleotide are depicted in the 
following colours to match Table 4.4: GI green, G2 blue, G3 cyan, G4 purple, G5 yellow. 
GDP is shown in CPK colours. The Mg”* ion is coloured dark green. Instructions for 
viewing stereo images can be found on page 396. (Data source 4q21.pdb'?5"'?8.) 


switch 2 


R Sm ay 


RasGDP RasGppNHp 


Figure 4.14 Structural differences in the switch regions of GDP- and 
GTP-bound Ras. Structures of the N-terminal residues of H-Ras complexed with 
GDP and with GppNHp (an analogue of GTP). The switch regions are indicated. The 
nucleotides are depicted as ball-and-stick structures. The green atom is Mg?*. (Data 
sources 4q2|.pdb'?5-'28 and 5p21.pdb'?? respectively.) 


and the switch-2 region includes G3 which contacts the y-phosphate of 
GTP, and the following helix (a,-helix) (Figure 4.14 and Table 4.4). The con- 
formational transitions in these two switch regions are coupled so that 
binding of GTP brings about an ordered helix — coil transition at the N- 
terminus (closest to the nucleotide) of switch-2. Subsequent changes to 
the a2 helix effectively reorganize the components of the effector binding 
interface. All this is reversed when the bound GTP is hydrolysed to GDP. 


K-Ras-2B is different. It is not 
palmicoylacted but instead 
there is a positive charge 
cluster which is thought to 
assist its association with 
negatively charged 
phospholipids on the 
membrane inner surface. 


Farnesyl cransferase 
inhibitors such as 
simvastatin or lovastatin 
are used to suppress 
cholesterol biosynthesis in 
patients having a history of 
stroke or heart disease. 
These drugs inhibit the 
conversion of 3-hydroxy-3- 
methylglutaryl CoA to 
mevalonate (catalysed by 
HMG CoA reductase). This is 
the key step in the pathway 
to the formation of isoprene 
units which then polymerize 
to form C geranyl, C, 
farnsesyl, C,, geranylgeranyl 
and C,, squalene. The last of 
these is the precursor in the 
biosynthesis of cholesterol. 
Farnesyl transferase 
inhibitors are potential 
anticancer agents. 
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E Post-translational modifications 


Beyond residue 165, the sequences become highly divergent. However, at 
the C-terminal extremities there is again homology in the form of -Caax 
(-Cysteine, aliphatic, aliphatic, anything: -CVLS in human H-Ras, -CVVM 
in N-Ras and -CIIM in K-Ras; see table 4.3). The -Caax motif is post-trans- 
lationally modified by the addition of a farnesyl (C15, 3 isoprene units) 
extension, through stable thioether linkage to the cysteine. This is fol- 
lowed by carboxymethylation, cleavage of the final three amino acids and 
methylation of the newly exposed C-terminus (now cysteine) (Figure 4.9). 
A second lipid modification occurs by palmitoylation of another cysteine 
residue within the C-terminal hypervariable region. These modifications 
ensure strong attachment to the internal surface of the plasma mem- 
brane. When the post-translational prenylation reaction is prevented, 
either by mutation of the -Caax sequence or by farnesy] transferase 
inhibitors, normal Ras functions are suppressed.®* The non-farnesylated 
Ras accumulates in the cytoplasm and as a result it scavenges the associ- 
ated kinase Raf (see Chapter 11), preventing it from coming into contact 
with the membrane.*’ 


M GTPases everywhere! 


We now know of more than 70 monomeric GTPases. With few exceptions 
they have been identified by screening cDNA libraries for Ras-like pro- 
teins and their functions have necessarily been assigned (and are still 
being assigned) subsequent to their discovery. This is an ongoing activity. 
The normal strategy is to express (or introduce) mutant forms, expected 
to possess altered functions which might be revealed as an altered cell 
phenotype. Thus, the sequence comprising the effector domain of Ras 
was established long before any effectors were identified. By comparison, 
the first discovered heterotrimeric G-proteins — G G, G, transducin (G)), 
etc. — were isolated by classical purification strategies (seeking proteins 
that bind and hydrolyse GTP and which interact with appropriate recep- 
tors and downstream effectors known to be affected by GTP). 

To date, representative functions have been assigned for members of all 
the groups of Ras-related proteins in vertebrates and also in other eukary- 
otic organisms such as yeasts, flies, nematodes and slime moulds (Table 
4.5). Some of the Ras-like proteins appear to have more than one function, 


Table 4.5 Functions of Ras-related proteins 


GTPase Regulatory function 
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possibly determined in some cases by the cells in which they are expressed 
or their subcellular localization. Doubtless, more will become evident. 


M Mutations of Ras promoting cancer 


As with the heterotrimeric G-proteins, the proportion of Ras in the acti- 
vated form is given by the ratio k,.../k,,, (see Equation 4.1, page 75). Some 
of the oncogenic viral gene products (vRas) differ from the wild-type cel- 
lular forms by single point mutations which inhibit the GTPase activity 
(reducing k,,,), and this prolongs the active state. For this reason, a higher 
proportion of the activated GTP-bound form exists in vRas transformed 
cells. The most common mutations promoting the transformed pheno- 
type occur at residues 12, 13 and 61 (see figure 4.11). 

Other mutations promoting spontaneous activation of Ras are those 
which enhance the rate of dissociation (k) of bound nucleotide (GDP). 
In the unmodified protein, this occurs at a very slow rate indeed (about 
10° mols per mole of protein), but there are numerous mutations which 
increase this rate significantly. Many of these are at or in the close vicinity 
to the residues interacting with the nucleotide. In particular, substitution 
of Ala-146 increases the rate of guanine nucleotide exchange 1000-fold. 
As with the GTPase mutants, these mutations ensure that a higher pro- 
portion of the protein exists in the activated GTP-bound form. In 
consequence these too, are transforming mutations. 


E Functions of Ras 


Although the identification of receptors and their catalytic activities gen- 
erally preceded the discovery of the heterotrimeric G-proteins that link 
their operations, the proteins operating immediately upstream or down- 
stream of Ras at first eluded definition. Even so, a place for Ras in the reg- 
ulation of mitogenesis was not in doubt. Cellular expression of the 
transformed ras genes®*® or direct introduction of their products into sin- 
gle cells by microinjection®*! promotes cell detachment and loss of con- 
tact inhibition, characteristics of the transformed phenotype (see Box: 
Cancer and cell transformation, page 246). Conversely, microinjection of 
antibodies (to neutralize the native cellular Ras), or of a dominant 
inhibitory mutant form (S17N), prevents normal growth and cell 
division." 

However, mitogenesis is not the exclusive outcome of activating Ras. 
Other cell types undergo differentiation as the consequence of Ras activa- 
tion. In PC12 cells the introduction of the Ras oncogene product provides 
a signal for neurite outgrowth.** 

How Ras controls all this has been far from clear. It is true to say that Ras 
lies at the centre of a network of interacting pathways, is activated and 
modulated directly and indirectly by several receptors and, in turn, has its 
influence on a large number of downstream processes (see Figure 4.15 
and Chapter 11). Indeed, it is amazing that a protein as small as Ras can 
interact with so many other proteins. Among functions directly linked to 


SI7N Ser replaces Asn at 
position |7. 


PCI2 cells are an adrenal 
medullary cell line derived 
from a phaeochromocytoma. 
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Figure 4.15 Some of the many influences of, by and for Ras. 


Ras are the activation of the protein kinase Raf and the activation of 
phosphatidylinositol 3-kinase (PI 3-kinase: see Chapter 13). Raf is the first 
member of the sequence of phosphorylating enzymes (kinases) that leads 
to the activation of ERK and thence to the transcription of genes con- 
trolled through the serum response element, SRE (Chapter 11). 


E Ras-GAPs 


In cell-free preparations, the half-life of the GTP bound to Ras is between 
1 and 5 hours. With a rate constant for hydrolysis of about 4.6 x 104 s7, 
wild-type Ras hardly functions as a GTPase. Once in this form, one might 
expect it to remain almost permanently activated. It would also be hard to 
understand why the differences in the rates of GTP hydrolysis by the wild- 
type and the oncogenic mutants should be so crucial. However, when the 
rate of GTP hydrolysis in cells is measured, things are very different.” Ras- 
GTP injected into Xenopus oocytes is converted to its inactive GDP form 
within 5 minutes. Cells contain a protein or proteins that accelerate the 
rate of GTP hydrolysis enormously. By contrast, GTP bound to GTPase- 
defective transforming mutants of Ras remains intact. These observations 
led to the discovery and isolation of the GTPase activating protein RasGAP 
(also known as p120°?) from Xenopus eggs and from mammalian tissue. 
The GTPase activating proteins (or GAPs) were the first proteins found to 
interact directly with Ras. 


E Ras-GAP 


This GAP protein interacts specifically with wild-type Ras, accelerating 
the GTPase activity by up to five orders of magnitude. When over- 
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expressed,? or injected into fibroblasts at a concentration in excess of 
the normal level, RasGAP inhibits the mitogenic action of growth fac- 
tors (see Chapter 11). In this respect it acts, as one might expect, as a neg- 
ative regulator of Ras. However, in T- and B-lymphocytes and in 
adipocytes a mitogenic signal is mediated by a decrease in the activity of 
p120%4? 101-103 

In addition to its (Ras-interacting) catalytic function, RasGAP contains 
a number of identifiable domains! (see Figure 4.16a). These include a 
PH domain,! a C2 domain,'” two SH domains and one SH3 domain!™ 
(these are described in Chapter 18). The presence of such domains, a 
characteristic of many proteins involved in signal transduction, implies 
the potential for a multiplicity of interactions with other signalling pro- 
teins and other molecules. 


HM Mechanism of GTPase activation 


In trying to understand the mechanism of activation of the intrinsic 
GTPase activity of Ras by GAP proteins, two main ideas have been exam- 
ined.!° First, there is the possibility that the GAP acts simply by driving 
the Ras protein into a conformation active for GTP hydrolysis, without 
itself forming a part of the active site. In this case, the action of GAP on Ras 
would be catalytic and hence non-stoichiometric. Now, however, it is 
thought that the RasGAP interacts with the Ras stoichiometrically, con- 
tributing cationic residues (arginine) that stabilize the transition state of 
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Figure 4.16 The domain organization of RasGAP and related GTPase 
activating proteins. 


GAPs and effectors 
Does RasGAP do more than 
regulate GTPase activity? Is 
it, like the effectors of 
heterotrimeric G-proteins, 
also an effector of 
downstream processes?!°? 
The fact that RasGAP 
interacts only with Ras.GTP, 
not with Ras.GDP is 
certainly consistent with the 
idea of an effector function. 
Furthermore, the interaction 
is mediated through its 
contact with the effector 
domain of Ras (Figure 4.16b). 
Some (though not all) 
mutations in this domain 
prevent the interaction with 
GAP. Against this is the 
finding that RasGAP 
suppresses the 
transformation of fibroblasts 
induced by over-expression 
of normal wild-type Ras. 
Here, the GAP appears to 
play the role of a negative 
regulator, simply accelerating 
the rate of GTP hydrolysis. 
An alternative possibility 
would be that Ras GAP 
might be the mediator of just 
a subset of Ras functions, the 
rest of which are linked to 
other effector proteins. For 
instance, it can stimulate 
transcription of the c-fos 
promoter’? but here its 
catalytic domain plays no 
part since deletion mutants 
comprising only the SH2 and 
SH3 domains are equally 
effective. 


However, Ras still appears to 
play a part since the 
induction of c-fos by the 
GAP deletion mutant is 
prevented by N I7Ras, a 
dominant inhibitory mutant. 
It would appear that the 
GAP deletion mutant 
cooperates with another 
signal emanating from 
activated Ras. Also, as a 
result of complex formation 
with RhoGAP (specific for 
the Ras related GTPase 
Rho), RasGAP acts to inhibit 
the formation of stress fibres 
and focal adhesions, both of 
which are Rho-dependent 
processes''' (see Chapter 
14). The assignment of GAP 
functions will only be 
resolved when we can 
identify the relevant 
protein-protein interactions 
in normal cells. 


von Recklinghausen’s 
neurofibromatosis is one 
of the most common of 
human hereditary disorders, 
having an estimated 
incidence of | in 3500 
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Figure 4.17 Organization of the active site of Ras and its interaction with 
RasGAP. The point of contact between the catalytic GTPase site of Ras and its GTPase 
activating protein (Ras GAP).A primary arginine finger extends across the cleft between 
the two proteins, and neutralizes the negative charge (pink) that develops in the 
transition state of the reaction. A second arginine residue (R2) stabilizes the primary 
arginine finger. The departing phosphate is depicted as a pentacoordinate intermediate. 
The Ras Q61 also contributes to the transition state. Adapted from Scheffzek et al.'!° 


the reacting GTP (Figure 4.17). This allows access of Gln-61 (Q61) which 
directs an incoming water molecule for the hydrolysis of GTP. Mutations 
of this residue, frequently found in human tumours, prevent the enhance- 
ment of GTPase activity by GAP and lock the protein in its active con- 
formation. A similar interaction of Rho with RhoGAP defines the catalytic 
centre of the Rho GTPase. For both Rho and Ras, the interaction with their 
respective GAPs is transient. They form active heterodimeric enzymes 
and then separate as the GTPases take up the conformations determined 
by the presence of GDP in the nucleotide binding pocket. 

Other molecules having GAP activity are more likely to be pure negative 
regulators of Ras. One of these is neurofibromin, the product of the NFI 
gene, which is associated with neurofibromatosis type 1 (or von Reckling- 
hausen’s neurofibromatosis). 

Neurofibromin contains a segment clearly related to the catalytic 
domain of RasGAP. In neurofibroma-derived cell lines deficient in this 
protein, 30-50% of the Ras is present in the GTP-bound form (as opposed 
to less than 10% in normal cells). Unlike RasGAP, the NF1 gene product 
possesses no identifiable domains or motifs (beyond its catalytic domain) 
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and shares no sequence similarity with any other mammalian signalling 
proteins (see Figure 4.16). These findings are all consistent with the idea 
that neurofibromin acts as a GTPase activator, pure and simple. 


M GEFs: guanine nucleotide exchange factors 


The identification of proteins that catalyse GTP/GDP exchange on Ras 
(called guanine nucleotide exchange factors, or GEFs) was achieved by 
studying mutations in yeast and other simple eukaryotes, in which an 
exchange factor is deficient. 

In yeast (S. cerevisiae), the RAS gene products regulate adenylyl 
cyclase,'!' mediating the response to starvation conditions and leading to 
spore formation. By mutating non-RAS genes that destroy the ability to 
activate cyclase, it is possible to identify other proteins that contribute to 
this signalling pathway. Some of these mutations can be overridden 
(bypassed) by the presence of constitutively activated RAS and are there- 
fore likely to lie upstream of the GTPase. The CDC25 gene product is such 
a protein.'” Deletion is lethal, but can be compensated by expression of 
constitutively activated RAS, strongly suggesting that the CDC25 gene 
product acts as an upstream activator, probably a RAS-GEE?* In addition, 
the effect of deletion can be overcome by expression of the C-terminal 
portion of CDC25, which is understood to house its catalytic activity. The 
catalytic domain of a human GEF (hSos-1: see Chapter 11) can restore 
cyclase activity in yeast lacking CDC25.'"* 

We return to the question of activating guanine nucleotide exchange on 
Ras in Chapter 11. 


a Essay: Activation of G-proteins without subunit 
dissociation 


It is a fact that the activation of G-proteins is generally discussed in terms 
of subunit dissociation. However, the evidence for the idea that G-protein 
heterotrimers actually separate into two independent active components, 
a and By, is not strong. 

The conventional description (which can be found in most textbooks) 
is, at best, an over-simplification. The By-subunits, which certainly 
remain inseparable from each other under all physiological conditions, 
can be counted as a single entity. We need to ask whether a truly separates 
from By? Some arguments favouring dissociation may be summarized: 


e Over-expression, or provision of purified a-subunits to isolated mem- 
brane preparations, causes activation of downstream effector 
enzymes such as adenylyl cyclase or phospholipase C. 


e Provision or over-expression of By-subunits tends to oppose the acti- 
vation due to a-subunits in some experimental systems such as 
platelet membranes. 

e Provision of fluoride ions, or stable analogues of GIP (GTPYS, etc.), to 


G-proteins in detergent solution, and in the presence of high concen- 
trations of Mg* ions, enhance their tendency to dissociate. These 


individuals worldwide. 
Almost half of the patients 
have no previous family 
history of the disease, so 
with 1 in 10000 individuals 
harbouring a new mutation, 
it follows that NF1, of all 
human genes, must be one of 
the most prone to mutation. 
It predisposes to benign and 
malignant tumour formation 
especially in cells derived 
from the neural crest. 


Most work in this field has 
been confined to the 
investigation of the activation 
(and inhibition) of adenylyl 
cyclase, initially in turkey red 
blood cell membranes and 
later in other cell-derived 
and reconstituted systems. 
The turkey red cell 
membrane cyclase is 
particularly amenable since it 
is totally dependent on the 
presence of a stimulating 
hormone and is rather slow, 
allowing the collection of 
many data points. There have 
been no equivalent attempts 
to elucidate the mechanism 
of activation of 
phospholipase C. 
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Figure 4.18 
Equivalence of 
pheromone and 
hormone receptors. In 
S. cerevisiae, STE2 and 
STE3 genes code for 7TM 
receptors specific for 

a- and a-mating factors. 
GPA, STE4 and STE/8 
encode proteins 
homologous to 
mammalian G-protein 

a-, B- and y-subunits. 
Stel8 shares 35% 
homology with (retinal) y,. 
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manipulations are an essential component in the strategies applied 
in subunit purification. 


e The a- and By-subunits of the retinal G-protein transducin certainly 
dissociate from each other and from the membrane when activated 
by rhodopsin.' However, about 8% remain attached to the mem- 
brane as the intact heterotrimer and it is possible that it is this frac- 
tion that activates the effector, cyclic GMP phosphodiesterase. 


e X-ray crystallographic studies of GDP-bound, heterotrimeric G-pro- 
teins and of complexes of activated a-units with their effectors have 
shown (1) that the switch regions are obscured by the By-subunits in 


the inactive G-protein and (2) that contact with the effectors is made 
through the same regions. 


Although it is clear that G-protein subunits can dissociate under condi- 
tions promoting activation and certainly do so when pressed hard enough 
(fluoride plus detergent plus Mg”), it is far from clear that this is what 
actually happens in cell membranes. 

Against these arguments is the finding that the process of adenylyl 
cyclase activation is a first-order reaction, dependent only on the concen- 
tration of the activated receptor. From this it follows that the Gs is perma- 
nently coupled to adenylyl cyclase. This coupling can be maintained 
through a 3000-fold purification of adenylyl cyclase. Indeed, when carried 
out in the presence of an activating guanine nucleotide (GppNHp), a 1:1:1 
stoichiometry of cyclase to a, to B is retained. ”®"7 There is no need to 
invoke the dissociation of the By-subunits from the complex in order for 
a ¿GTP to cause activation even though this might deliver a stronger stim- 
ulus. The important possibility that arises is that the presence of both 
subunits may be required in order for the G-protein to fulfil its authentic 
physiological role. What would happen if the subunits are prevented from 
dissociating? 


MM Pheromone-induced mating response in yeast 


An excellent system in which to challenge the ideas concerning the disso- 
ciation of G-protein subunits and their relationship to receptors is pro- 
vided by the mating response of yeast (S. cerevisiae). Here, in response to 
a- and a-type mating factors (peptides of 12 and 13 residues, similar to 
gonadotrophin releasing hormone [GnRH]’"’) the a- and a-type haploid 
cells undergo cell cycle arrest at the late G, phase (see Chapter 10), attach 
to each other, fuse and eventually give rise to diploid a/a cells (Figure 
4.19). The secreted pheromones bind to the a/a-factor receptors, prod- 
ucts of the genes STE2 and STE3. The signals are transduced by the prod- 
ucts of the genes GPA, STE4 and STE/8 (Figure 4.19). 

Deletion of GPA is lethal because the free By-subunits then activate a 
pathway leading to growth inhibition. However, mammalian a-subunits 
(of any class, even chimeric mammalian/yeast a-subunits) that can bind 
to the By-subunits are able to restore viability, while not restoring the 
signal transduction pathway leading to the generation of diploid cells. 
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Figure 4.19 Pheromone-induced mating response of yeast: (a) Haploid yeast cells (a and a) generate a and a 
mating factors (pheromones) that bind to specific receptors on and a and a cells. This is the stimulus for a series of 
events that involves agglutination, cell cycle arrest, and then the mating reaction involving fusion and the generation of 
diploid cells. Given the presence of nutrients, the cells undergo multiple divisions, growing as diploids. In starvation they 
undergo meiosis, forming four haploid spores. Since a and a pheromone receptors are G-protein linked receptors 
coupled to adenylyl cyclase, the production of diploid cells can be used to read out the integrity of the signal 
transduction pathway. (b) Representation of the construct containing Ste2 (receptor) fused to a chimera of Gpal 
(yeast, N-terminal segment) and a, (rat, C-terminal segment). This fused receptor—o,, construct is capable of efficient 
signal transduction. (c) Representation of the construct containing Ste4 (B-subunit) fused to Gpal (a-subunit). This 
fusion construct transmits signals as efficiently as the native G-protein subunits. 


Indeed, the presence of all of the genes coding for G-protein subunits is 
required. By the use of mutants in which any of these genes are absent, 
and replacing these by fusion constructs, effectively chimeras composed 
of the N- and C-terminal sections of the absent proteins, it is possible to 
ask searching questions concerning the status and interactions of the var- 
ious components of the signal transduction pathway. 

Using such an approach, the mating response of cells made sterile by 
the presence of a null mutation (knock-out) in STE4 (B-subunit) was 
restored by introduction of genes coding for chimeras composed of the 
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N-terminus of Ste4 coupled to the C-terminus of Gpal.® These were fully 
functional in the transduction of pheromone signals, in promoting 
growth arrest and mating. Since the chimeric construct allows no possi- 
bility of subunit dissociation it is likely that the activated receptor acts to 
induce conformational changes in the heterotrimer, exposing hidden 
binding interfaces that allow communication with downstream effectors. 
The implication is that since the fusion construct is fully competent to 
convey the signals ascribed to both the a- and the By-subunits, then pos- 
sibly the wild-type proteins which are demonstrably capable of dissociat- 
ing may not actually do so. If they do, then it is likely that they remain in 
very close proximity to each other throughout the cycle. Indeed, it begins 
to appear that most of the molecules involved in signal transduction, 
receptors, G-proteins, effectors, are close neighbours at all times and 
under all conditions of activation. 


M Constructing the mammalian B-adrenergic transduction system in insect cells 


Earlier we described how the use of S49 cyc- lymphoma cells was instru- 
mental in determining the role of the a -subunit of the signal transduc- 
tion process. More versatile are the Sf9 insect cells.!!9 With these cells and 
the baculovirus vector it is possible to manipulate the expression of all the 
components, mammalian receptors, a-subunits and By-subunits inde- 
pendently of each other with regard to identity, specified mutations and 
levels of expression. The native adenylyl cyclase can be used to read out 
the information transfer from the activated receptors. 

When expressed in Sf9 cells, the affinity of the mammalian B-adrenergic 
receptor for its ligands is not only very low but also insensitive to the pres- 
ence of guanine nucleotides (Figure 4.20a—c). The response of the native 
(insect) cyclase to the mammalian receptor is also low, and in general, the 
transduction of the signals from the mammalian receptor by the native 
insect G, is inefficient. This system displays features of an ‘uncoupled’ 
(unc) phenotype.'”° All this changes when the Sf9 cells express mam- 
malian @,-subunits in addition to the mammalian receptor (Figure 4.20d). 
The affinity of ligand binding (isoprenaline) is now high but, importantly, 
it is also sensitive to the presence of guanine nucleotides, just as in mam- 
malian cells. In this aspect of receptor function, it appears that the insect 
By-subunits are able to cooperate with the mammalian o-subunits. How- 
ever, the GTPase activity remains insensitive to the presence of stimulat- 
ing ligands. It requires the additional expression of mammalian 
By-subunits for the system to take on the full characteristics of the 
mammalian signalling pathway (Figure 4.20e). B,-Adrenergic receptors 
expressed together with mammalian G, heterotrimers allow high signal 
throughput (high V a) high ligand binding affinity and now, ligand- 
enhanced GTPase activity. The conclusion from all this is that the a- and 
the By-subunits communicate with the receptor throughout the period of 
activation. They never really lose sight of each other, nor of the receptors. 

That this might really be the case finds support in the frequent reports of 
the co-immunoprecipitation of receptors together with G-proteins and of 
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Figure 4.20 Reconstitution of the -adrenergic response in insect cells: (a) Although they possess G-protein 
(grey) coupled to adenylyl cyclase, Sf9 (insect) cells lack -adrenergic receptors and are therefore unresponsive to 
catecholamines. (b) When transfected with the human B-adrenergic receptor (pale green), Sf9 cells generate cAMP at a 
low rate that is proportional to the extent of receptor expression. No activating ligand is needed for this low-level 
activity. (c) The rate of cAMP generation is greatly enhanced when the transfected cells are stimulated with 
isoprenaline (yellow). However, in membrane preparations, the affinity of the receptor is not sensitive to the presence 
of GTP. The native G-protein does not transmit a feedback signal to the mammalian receptor. Nor is the GTPase 
activity of the insect a-subunit sensitive to the presence of the agonist. (d) By additionally transfecting the cells with 
mammalian «, (blue), the affinity of the receptor becomes sensitive to the activation state of the G-protein. However, 
GTPase activity remains insensitive to the presence of the hormone. (e) To establish the complete pathway of forward 
and backward control, it is necessary to express both the mammalian a- and By-subunits (pink). The GTPase activity of 
the a-subunit is now sensitive to the presence of the activating hormone. For details of this experiment, see reference 
120. 


G-proteins with their effector enzymes. Similarly, the purification of 7TM 
receptors on affinity supports can result in co-purification of G-protein 
subunits, frequently of several different classes. As examples, the recep- 
tors for somatostatin and for opioids (6-opioid) co-purify with a- and By- 
subunits to an extent that depends on the state of their activation.’?!"1% 
This raises the possibility that receptors, rather than communicating in a 
linear fashion through one G-protein to one catalytic effector, may com- 
municate, depending on their state of activation, with different G- 
proteins and hence with different effector enzymes (Figure 4.21). 

For yeast cells devoid of the endogenous STE2 (pheromone receptor) 
and GPAI (a-subunit) genes, transduction of the mating response can be 
achieved by a fusion protein generated from the N-terminus of Ste2 
linked to a chimera composed of the N-terminus of Gpal and the 
C-terminus of rat a, (see figure 4.19b).!** The presence of the Gpal/a, 
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Figure 4.2! Pathways of 
intormation tlow through 
receptors and G-proteins. 
The communication of 
signals from receptor to 
effector is not necessarily 
a simple linear sequence 
of steps (1). There are 
other more complex 
modes by which 
receptors, transducers 
and effectors are linked. 
Some of these may seem 
self-evident: different 
receptors accessing one 
class of G-proteins (2) 
and a single class of 
G-protein regulating 
more than one type of 
effector enzyme (3). The 
regulated switching of 
attention of adrenergic 
receptors between G, 
and G, (4) is considered 
in Chapters 9 and I1.The 
synergistic interaction of 
two receptors and two 
G-proteins in the 
activation of some 
isoforms of adenylyl 
cyclase (5) is discussed in 
Chapter 5. 
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construct (i.e. not linked to the receptor), although capable of restoring 
viability to haploid cells lacking Gpal, fails to restore mating competence. 
This is due to its inability to recognize the receptor, but there is no prob- 
lem when the two are fused together as Ste2-Gpal/q,. It follows that the 
C-terminus of the a-subunit operates mainly to bring the G-protein into 
the proximity of the receptor, allowing guanine nucleotide exchange and 
ensuring efficient coupling. Questions related to the communication of 
signals to downstream effectors are not raised in this experiment since, in 
yeast, this is a function of the By-subunits. 

Contrary to the conventional descriptions of G-protein activation, 
couched in terms of fleeting interactions between receptors and dissoci- 
ating subunits, the evidence now begins to point to the conclusion that 
receptors, G-proteins and their effectors, comprise loose operational 
ensembles. For sure, G-proteins can dissociate, and more readily so when 
activated. Whether they actually do this to any significant extent under 
physiological conditions remains uncertain. 
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Effector enzymes 
coupled to GTP-binding 
proteins: adenylyl cyclase 
and phospholipase C 


a Adenylyl cyclase 
E CAMP: the first second messenger 


Looking back to the time when most wisdom in mammalian biochem- 
istry was derived from experiments using rat liver (perfusions, slices, 
homogenates, etc.), one gets a sense of a happy circumstance that led 
Sutherland to use liver from dog in his investigations of hormonal activa- 
tion of glycogenolysis.'? During growth and development of rats (6-60 
days), the expression of B-adrenergic receptors in the liver declines while 
that of the a,-adrenergic receptors increases.* Adrenergic stimulation of 
glycogen breakdown in the liver of adult rats is therefore mediated prim- 
arily through the a-receptors, which induce an elevation in the concen- 
tration of cytosol Ca** (see Chapter 7). Using dog liver, Sutherland showed 
in 1957 that the breakdown of glycogen, in response to adrenaline or 
glucagon, is consequent on the generation of a heat-stable and dialysable 
factor.' This factor proved to be cyclic AMP (cAMP), the first second mes- 
senger to be identified (see page 31). 

Although cAMP is most famously the intracellular signal for the break- 
down of liver glycogen (and correspondingly for the shut-down of glyco- 
gen synthesis), it is a key mediator for many other important receptor 
responses. We return to these questions in Chapter 9. cAMP is also pres- 
ent in the prokaryotes, both Eubacteria and Archaea, the other funda- 
mental domains of life.*° Although its functions as a regulator in 
non-nucleated prokaryotes are very different from those of eukaryotes, its 
generation has signified a response to starvation throughout evolution. 
cAMP is synthesized in E. coli starved of glucose and it induces expression 
of sugar-metabolizing enzymes such as B-galactosidase. In this case, it 
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Figure 5.1 The basic reactions of glycogen synthesis and breakdown. Both the 
incoming (glycogen synthesis) and leaving (glycogenolysis) residues are attached to the 
non-reducing termini of the formed glycogen. 


interacts with promoter elements in the vicinity of the RNA polymerase 
site and is directly involved in the regulation of gene transcription. In 
yeast (unicellular, eukaryotic), cAMP is a growth signal. The presence of 
nutrients signals the activation of adenylyl cyclase through the RAS pro- 
teins. In starvation conditions, the ratio of GTP- to GDP-bound RAS 
declines, either because of down-regulation of CDC25 (the guanine 
nucleotide exchange catalyst) or because of activation of IRA (GTPase 
activating-protein). As a result, the cellular content of cAMP declines, 
growth ceases and the cells switch to meiosis and spore formation (see 
page 97). Under conditions of starvation, cAMP is secreted by the indi- 
vidual cells of the slime mould Dictyostelium discoides as a signal for 
assemblage into a slug. 

Although it has generally been hard to discern functions for cAMP in 
plants,® there is now good evidence that it acts as a regulator of ion chan- 
nels for both K* and Ca**. The K* channels in the guard cells of Vicia faba 
(broad bean) leaves appear to be regulated by a cAMP-dependent kinase 
(protein kinase A, PKA,”*) and are indirectly sensitive to the actions of 
cholera and pertussis toxins that modulate the activity of GTP-binding 
proteins (see below). 
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E CAMP is formed from ATP 


cAMP (strictly, 3’,5’-cyclic adenosine monophosphate) is synthesized 
from ATP which is present in all cells at high concentration (5-10 mmol/)). 
The formation of cAMP is catalysed by adenylyl cyclases and its removal, 
by conversion to 5'-AMP (adenylate), is catalysed by the action of phos- 
phodiesterases (CAMP-PDE) (Figure 5.2). 


M Adenylyl cyclase and its regulation 


The enzyme 
Adenylyl cyclase remained an activity without a proper molecular 
description for about 30 years, until 1990. At first the possibility was enter- 
tained that more than one enzyme might be involved in the cyclization 
reaction. It is the importance of adenylyl cyclase in metabolic regulation, 
and the simplicity of the reaction it catalyses, that provoked the intense 
investigation of its properties. 

A number of proteins and other agents can activate or inhibit adenylyl 
cyclase. The known physiological activators and inhibitors include the 
subunits of the heterotrimeric G-proteins. a, and By-subunits can acti- 
vate, while a, a, and By-subunits can inhibit. Also, Ca**, through various 
mechanisms, can activate or inhibit. The plant product forskolin is a 
potent activator and this poses the interesting question of whether there 
might exist an endogenous counterpart in animal cells. 

A major problem for research in this area was the fact that adenylyl 
cyclase, an integral membrane protein, generally comprises no more than 
0.01-0.001% of total membrane protein. (An exception is the olfactory 
epithelium in which it comprises more than 0.1%.) The poor solubility of 
membrane proteins in aqueous media and their dependence upon the 
phospholipid environment for the maintenance of their tertiary structure, 
makes them extremely difficult to isolate, purify and reconstitute into a 
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Figure 5.2 Cyclic AMP is generated from ATP. 


p 


“The preparation of adenyl 
cyclase in a simplified and 
purified form has been 
hampered by the association 
with particulate material in 
the ‘nuclear’ fraction, by its 
lability and by its close 
association with the 
detergent Triton after 
solubilization. lt is hoped that 
the enzyme may be 
solubilized by other 
procedures and that more 
stable soluble preparations 
can be achieved.’ 


It is simple now to measure 
the level of cAMP with che 
use of kits, binding proteins 
and specific antibodies. Not 
so simple for Sutherland and 
his colleagues who measured 
the product cAMP using a 
two-stage assay procedure. 
The first involved incubation 
together with ATP, 
phosphorylase b and 
fractions of liver homogenate 
(containing phosphorylase 
kinase and PKA). This was 
followed up by measurement 
of the activity of the active 
product phosphorylase a on 
its substrate glycogen. 
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form upon which sensible measurements can be made. Nevertheless the 
G.-coupled form of adenylyl cyclase present in many tissues and a brain 
form of the enzyme have been purified. 

From these preparations it has been possible to obtain some limited 
sequence information and thence a cDNA encoding the full length of type 
I adenylyl cyclase. The recombinant protein catalyses the conversion of 
ATP to cAMP and it can be activated by a,-GTP and by Ca**.calmodulin. 

Altogether, nine isoforms (I-IX) of mammalian adenylyl cyclase have 
been identified and cloned. 


Structural organization of adenylyl cyclases 

The structure reveals a number of distinct domains (Figure 5.3). Starting 
from the N-terminus, there is a predominantly hydrophobic domain, M,, 
organized as six membrane-spanning a-helices linked on alternate sides 
of the membrane by short hydrophilic loops. Next, there is an extensive 
(40 kDa) domain, C,, then another transmembrane domain M,, similar to 
M, and finally, at the C-terminus, a second extensive cytoplasmic domain 
C, similar to C,.'° Beyond the general conservation of topology, the 
sequences of all forms of adenylyl cyclase are similar, having 40-60% 
identity overall. Associated with the C, and C, domains are the sub- 
domains C,, and C,, that share 50% or even higher similarity. Residues 
from both C, and C, contribute to ATP binding and catalysis. 

Organized in head-to-tail fashion and having extensive contacts with 
each other, C,, and C,, are understood to comprise the catalytic centre of 
the enzyme.'' The interface between C,, and C,, accommodates two highly 
conserved nucleotide binding sites, only one of which appears to be crucial 
for catalysis. The other is the site at which the activating substance 
forskolin binds. The binding site for a, is distant (some 3 nm) from the cat- 
alytic site and has been localized to a small region at the N-terminus of C, , 
and to a larger region composed of a negatively charged surface and a 
hydrophobic groove on C,,. Although the binding sites for the a-subunits of 
G, or G, have not yet been determined, they do not compete with a,. They 
too are formed by parts of both the C,, and C,, subdomains, but probably 
in a location much closer to the catalytic centre. Although the nucleotides, 
forskolin and a, can bind to residues on both C,, and C, it appears that py- 
subunits potentiate the activity of type II cyclase by interacting only with 
the C,, subdomain. This causes a conformational change that indirectly 
enables it to modulate the conformation of the C,, subdomain and so indir- 
ectly promotes optimal alignment at the catalytic site. The inhibitory 
action of By-subunits on type I cyclase must occur elsewhere since the 
sequences are not conserved in this region of the two subtypes. 

The C, and C, domains, shorn of their extensive membrane attach- 
ments, are together sufficient to catalyse the conversion of ATP to 
cAMP!" Although the activity is very low, the association between them 
is enhanced and the rate of conversion is increased by more than 100-fold 
by forskolin in the presence of a,.'* These two activators are synergistic, 
the presence of the one enhancing the affinity of the other, and there is a 
commensurate increase in reaction rate. 
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Figure 5.3 Organization of adenylyl cyclases. The figure represents the main 
structural features of the mammalian adenylyl cyclases: (a) The primary sequence of more 
than 1000 amino acids is interrupted by a number of specialized domains. (b) General 
topology and organization of the enzyme. With an even number of membrane spanning 
a-helices, six each in the domains M, and M,, the N- and C-termini are both exposed on 
the same (cytosol) side of the plasma membrane. The catalytic unit comprises the two 
domains C,, and C,, shown as being wrapped over one another so that together they 
offer binding sites for ATP, forskolin and the a-subunits of G, and G, (c) The molecular 
structure of the C,, and C,, dimeric cluster containing ATPyS (top) and forskolin (below) 


Although the M, and M, domains clearly anchor the enzyme to the 
membrane, one would imagine that one or two transmembrane spans 
would suffice for this purpose and it is reasonable to ask why these 
enzymes are endowed with twelve. The answer probably lies in their evo- 
lutionary ancestry. It is certainly intriguing that the general membrane 
topology of the mammalian cyclases, particularly the two groups of six 
membrane-spanning segments, bears a strong resemblance to known 
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pore-forming structures such as the cystic fibrosis transmembrane con- 
ductance regulator (CFTR) and the P-glycoproteins. However, no ion- 
channel-like activity has been detected for any of the mammalian 
adenylyl cyclases, nor do they exhibit any sequence similarity with known 
channels. 

Sequence similarities certainly extend to the guanylyl cyclases and to 
some non-mammalian forms of the enzyme expressed in lower organ- 
isms, such as the slime mould D. discoideum. In general, a common 
ancestry can be inferred. More distantly, the yeast and bacterial (E. coli) 
enzymes are membrane-attached, but are not true intrinsic membrane 
proteins. Sequence similarities between these and the mammalian 
cyclases have been hard to discern. 


Regulation of adenylyl cyclase 

With the emergence of the eukaryotes, the regulation of cyclase fell under 
the control of heterotrimeric G-proteins. All isoforms of mammalian 
adenylyl cyclase are activated by the a-subunit of Gs and all are inhibited 
by the so-called P-site inhibitors (analogues of adenosine such as 2’- 
deoxy-3'-AMP). Beyond this, their responses to the many and various 
inhibitory ligands vary widely. With the exception of type IX, all are acti- 
vated by forskolin which acts in synergy with a,. They are influenced, both 
positively and negatively by the a- and By-subunits of other G-proteins, by 
Ca* and through phosphorylation by PKA and PKC (see Table 5.1). 
Although the published data are incomplete, it appears that their evolu- 
tionary development has determined their specialized sensitivities 
towards the various regulatory influences. Broadly, they can be grouped in 
three main classes: 


IL, IV and VII which are activated synergistically by a,- and By-subunits; 
V and VI which are inhibited by a, and Ca”; 

VIII, I and II which are activated synergistically by a, together with 
Ca?*.calmodulin. 


Table 5.1 Activation and inhibition of the adenylyl cyclases 


isoform 


Regulatory signals 


distribution fh u u t PKA PKC forskolin Ca.Calmod Ca” 
(calmod 


indep) 
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E Regulation by GTP binding proteins 


Since the G, proteins are generally expressed at a level greatly exceeding 
that of G,, stimulation of receptors linked to G, can generate considerable 
quantities of activated By-subunits. It has been proposed that this excess 
of By-subunits should be able to sequester free a,-subunits, opposing 
their ability to activate cyclase: 


By +a, > ay 


For this to operate as an inhibitory mechanism it would be necessary for 
the subunits to exist as independent entities but, as we have argued, it is 
unlikely that a, ever separates from By (see page 95). However, the type I 
cyclase certainly is inhibited by By-subunits, but here the effect is prim- 
arily directed through interaction with the enzyme, not by sequestration 
of a-subunits. On the other hand, By-subunits synergize with a, to activate 
types II and IV cyclases. As one might expect, there is little, if any, effect of 
the ®y-subunits in the absence of a,. The level of By-subunits required is 
much greater than could possibly be derived from G, alone, but it is fully 
commensurate with the amounts that could be generated through the acti- 
vation of G, or G,. This implies that two sets of hormone receptors must be 
activated simultaneously in order to ensure maximal stimulation (Figure 
5.4). It is possible that the dimeric structure of many receptors (including 
the B-adrenergic receptor: see page 61) enables them to operate as coin- 
cidence detectors, allowing a powerful response when the two signals are 
generated, but only a weak or insignificant response to unsynchronized 
signals. This is the likely explanation for the co-stimulatory effect of nora- 
drenaline and adenosine on the cyclase activity in brain cortical slices” 
mentioned in Chapter 3 (see page 63). The presence of particular sub- 
types of adenylyl cyclase could then determine distinct patterns of 
response due to the signals from different classes of receptors. Figure 5.5 
presents several possible schemes that explain how the converging path- 
ways might interact to cause activation or inhibition. This could be of par- 
ticular importance in synapses, allowing them to co-ordinate their 
responses to incoming stimuli. One of the signals will be transmitted by 
agy the other will be coupled to the more prolific G, or G, that would gen- 
erate the required amounts of By-subunits. 


AS 


MgATP ~ CAMP 


Figure 5.4 Adenylyl cyclase as a coincidence detector, integrating the signals 
from two G-proteins. 
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I, III, VIII 
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Figure 5.5 Adenylyl cyclase isoforms: patterns of activation and inhibition. The 
adenylyl cyclases are subject to regulation by multiple signals. These may cooperate or 
oppose each other. (a) In some instances the activation of types Il, IV and VII by a, 
together with By-subunits occurs with a high degree of synergy so that activation is only 
achieved when two distinct classes of receptor are activated simultaneously. On the other 
hand, the phosphorylation of these same enzymes by PKC is likely to be of longer 
duration so that the enzyme is set up in readiness for stimulation by a., (b) Other 
isoforms, types V and VI, are subject to indirect feedback inhibition by phosphorylation of 
the enzyme by cyclic AMP-activated PKA. They are also inhibited by Ca?* and by 
receptors linked through the G, proteins. (c) Cyclases types |, Ill and VII are activated by 
Ca?* coupled to calmodulin, and inhibited by By-subunits. (Note: SOC represents a store- 
operated Ca** channel, discussed in Chapter 7.) 


So far, with the exception of B,y, which is located exclusively in the 
retina, it has been hard to establish any specific functional correlates of 
the diverse By-pairs. Combinations of B, or $B, with any of the four forms 
of y (2, 3, 5 or 7), appear to inhibit type 1 cyclase, and to activate type 2 
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cyclase with equal effect. They also activate the B-isoforms of phospholi- 
pase-C (see below). This lack of specificity is surprising and could be an 
artefact, arising from the high concentrations of By-subunits which must 
be provided in reconstitution experiments. 

Clearly, there are several routes to the activation of adenylyl cyclase 
and the elevation of cAMP, but equally important are those influences 
which inhibit its activity. There are many receptors (for example, the a,- 
adrenergic receptors) that are linked to the group of G-proteins having 
a,-subunits. These inhibit cyclases types I, V and VI. 


M Regulation by Ca?* 


Ca” is an important regulator of adenylyl cyclases. In association with the 
protein calmodulin (see Chapter 8), it increases the activity of types I, III 
and VIII. As a result these cyclases are indirectly regulated by receptors 
linked to G-proteins, such as a. that activate phospholipase C, release 
inositol trisphosphate (IP,) and elevate the intracellular concentration of 
Ca” (see below and Chapter 7). A binding site for Ca?*.calmodulin is 
present on the C,, subdomain of type I cyclase. In contrast, cyclases types 
V and VI are both inhibited by free Ca% in the range of concentrations 
(0.1-1 pmol/l) characteristically achieved following activation of Ca?*- 
mobilizing receptors (see Chapter 7). 


M Regulation by phosphorylation 


Although one might expect that phosphorylation by PKA (activated by 
cAMP) might be a cause of feedback inhibition, this has only been 
detected for cyclases types V and VI. On the other hand, phosphorylation 
by protein kinase C (PKC) enhances the activity of types II, VII and V (type 
VI is inhibited). This is a consequence of the activation of receptors linked 
through G-proteins of the G, class to the activation of phospholipase C 
and generation of diacylglycerol. Since a phosphorylated state of the 
enzyme is likely to persist for longer than other regulatory influences 
(activated a- or By-subunits or an elevated level of Ca**), the precise tim- 
ing of signals transmitted through aq, is likely to be less critical. Rather 
than requiring a coincidence of signals, phosphorylation may set the 
enzyme up in readiness for transient stimulation by a.. 


® Aluminium fluoride 


Adenylyl cyclase can be activated experimentally by manipulations that 
bypass the receptors. A number of substances cause activation through 
interaction with G,, others with the cyclase itself. An example is the fluo- 
ride ion.'”!8 Here is yet another instance of a development in which the 
emergence of highly purified reagents led first to the loss of biological 
activity and thereafter to the identification of its real nature. With better 
chemicals, well-dialysed tissue extracts, the use of laboratory plastic 
instead of glassware and the availability of high-quality water, it became 


Alternatively, the lack of 
specificity could be real. 
Though this has never been 
demonstrated, By-subunits 
might be subject to a 
transient covalent 
modification 
(phosphorylation?) following 
interaction with activated 
receptors. This could allow 
By dimers to impose their 
effects on downstream 
effectors at much lower 
concentrations.'* Modified 
By-subunits could then, in 
principle, remain active 
beyond the time that the 
a-subunits have reverted to 
their GDP state. It might also 
allow for specificity among 
the different By-pairs, 
depending on their 
association with particular 
a-subunits and particular 
classes of receptors. 


More recent examination of 
the crystal structure of AIF; 
has revealed that, in 
association with GDP, the 
complex is a square-planar 
entity. Rather than behaving 
strictly as an appendage, 
forming a GTP lookalike, it 
resembles the transition 
state in the GTPase reaction. 
It is widely accepted that the 
interaction with the [AIF7] is 
characteristic only of the 
heterotrimeric G-proteins 
but, realizing that the 
complex anion has the effect 
of stabilizing the cransition 
state of the GTPase reaction, 
it has become apparent that 
monomeric GTPases such as 
Ras also interact with AIF; 
when they are associated 
with GTPase activating 
proteins such as pl 20GAP 
and neurofibromin.2?! 


The human multidrug- 
resistant P-glycoprotein, 
encoded by the MDRI gene, 
is a member of the family of 
ABC (ATP-binding cassette) 
transporters. Overexpression 
causes resistance of human 
cancers to chemotherapy. 


Coleus roots have long been 
used by practitioners of 
Ayurvedic medicine in the 
treatment of many diverse 
conditions related to heart 
disease, spasmodic pain, 
painful micturition and 
convulsions. 


The mechanism of cholera- 
induced diarrhoea is 
certainly more complicated 
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harder to stimulate cyclase with fluoride. The real activator, it turns out, is 
not the fluoride ion but a complex of aluminium and fluoride ([AIF,]).!° 
Aluminium is present in solutions that have been in contact with glass and 
it is a contaminant of nucleotides. It has been thought that the [AIF] com- 
plex, resembling in its shape and charge distribution a phosphate group, 
becomes trapped adjacent to GDP in the nucleotide binding pocket of 
a-subunits in the site that would be occupied by the y-phosphate of GTP. 

At higher concentrations, rather than activating, fluoride acts to sup- 
press the formation of cAMP It was this finding gave the first inkling of the 
G-proteins that signal the inhibition of cyclase activity.” 


E Forskolin 


Another activator is forskolin (Figure 5.6), a diterpene isolated from the 
roots of Coleus forskohlii. 

Unlike aluminium fluoride, this interacts directly with the cyclase 
enzyme (Figure 5.3). Physiologically, forskolin has a positive inotropic 
action: it increases the heart rate and lowers blood pressure. It also 
exhibits non-specific spasmolytic activity on gastrointestinal smooth 
muscle. At large doses it has a depressant action on the central nervous 
system. Some of these phenomena could arise as a consequence of the 
direct action of forskolin on adenylyl cyclase, bypassing all upstream 
influences including receptors and GTP binding proteins. Alternatively, 
they could be due to interactions with other intrinsic membrane proteins 
of related structure, including glucose transporters, voltage gated K* 
channels and the P-glycoproteins which confer multiple drug resistance. 

The existence of natural products that react potently and specifically as 
regulators of enzyme activity begs questions relating to their endogenous 
physiological counterparts. So far, however, no endogenous agent having 
the activity of forskolin has been identified. 


M Cholera and pertussis toxins and ADP ribosylation 


The accumulation of cAMP is enormously promoted in tissues that have 
been intoxicated with cholera and pertussis toxins, the exotoxins of Vibrio 
cholerae and Bordetella pertussis. Neither of these toxins has its effect 
directly on the cyclase enzyme. Instead, cholera toxin acts to prolong the 
activated state of the a,. This situation arises because it inhibits the 
GTPase activity and the GTP remains intact. The system becomes persist- 
ently activated. It is widely (but possibly mistakenly) accepted that the 
watery diarrhoea of cholera, the consequence of increased ion flux 
through the chloride channels of the intestinal epithelium, results from 
the elevated concentration of cAMP due to the maintained activation of 
adenylyl cyclase. 

Pertussis toxin also has the effect of elevating the level of cAMP, but its 
mechanism of action is quite different. Intoxication by pertussis toxin 
plays a role in the aetiology of whooping cough.” The affected cells 
include the B-cells of the pancreatic islets (hence its former name, islet 
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activating factor), lymphocytes, leukocytes, cardiac cells and others that 
cause paroxysms and neurological disturbance. The effects on these cells 
are irreversible so that the restoration of function depends on their 
replacement. Unlike cholera toxin, which acts to inhibit GTPase activity, 
pertussis opposes the signal transmission by inhibitory receptors com- 
municating with the G, proteins. 

Both cholera toxin and pertussis toxin are themselves enzymes, mod- 
ifying their target proteins (substrates) by covalent attachment of the 
ADP-ribosyl moiety of NAD* (Figure 5.7).?”?8 However, in keeping with 
their distinct mechanisms of action, their site specificities are quite dif- 
ferent. Cholera toxin transfers ADP-ribose to a, forming a covalent 
attachment with an arginine residue (R201) situated in the close vicinity 
of y-phosphate of the bound GTP (see Table 4.4, page 88). This modifica- 
tion prevents the GTPase activity and so causes the a-subunit to remain 
persistently activated (reduction of k,,,: see Equation 4.1). Pertussis toxin 
transfers ADP-ribose to a, at a cysteine situated just four residues from its 
C-terminus. ADP-ribosylation by pertussis toxin has the effect of inter- 
rupting the communication between the receptor and G,, freezing it in its 
GDP-bound state. In this way it prevents the negative signal from 
inhibitory receptors. Either way, the consequence is persistent activation 
of adenylyl cyclase and elevated levels of cAMP. With the exception of 
a, all members of the G,/G, group of a-subunits (see Figure 4.7, page 
79) serve as substrates for pertussis toxin. In most cells and tissues, the 
a-subunit of G, is the unique substrate for cholera toxin. 

ADP-ribosylating enzymes of the class including cholera and pertussis 
toxins are complex structures. They bind to gangliosides that are ubiqui- 
tously expressed on the surface of animal cells. Pertussis toxin is com- 
posed of five non-covalently linked subunits which are organized around 
a single catalytic subunit S1 (Figure 5.8). Two subunits (S2 and S3) bind 
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Figure 5.7 ADP-ribose. 


than this. Indeed, although 
the level of cAMP is 
undoubtedly elevated, it may 
not even involve cAMP at all. 
Introduction of dibutyryl 
cAMP, a cell-permeant 
analogue which mimics the 
effect of the natural 
compound, is without effect 
on the rate of water flux 
through isolated pieces of 
intestinal tissue. Similarly, 
theophylline, which inhibits 
phosphodiesterase and so 
allows the accumulation of 
cAMP is without effect. 
Alternative candidates are 
the prostaglandins,”® 
products of the cyclo- 
oxygenase pathway of 
arachidonate metabolism. 
Arachidonate is released 
from membrane 
phospholipids by the action 
of phospholipase A.,. 


G, originally denoted a 
stimulatory activity and G, 
denoted inhibition with 
respect to cyclase, but these 
G proteins also regulate 
many other systems. 


Figure 5.6 Forskolin. 
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(a) 
ADP-ribosyl transferase component 
28 kDa 


binding component 
78 kDa 


(b) 


Figure 5.8 Pertussis toxin structure: (a) The subunit organization of pertussis toxin. 
The S2 and S3 subunits bind to the exposed sugar residues of glycolipids (gangliosides) in 
the plasma membrane. The S| subunit penetrates the cell and in the reducing environment 
dissociates. The Al component catalyses the cleavage of NAD* and effects the transfer of 
the ADP-ribosyl group to the cysteine residue at the C-terminus of a, (b) Structure of 
glanglioside GMI. Gal, galactose; NAc, N-acetyl-; Glc, glucose; NAN, N-acetylneuraminic 
acid. 


with high affinity (K, ~ 0.6 pmol/I) to the monosialoganglioside Gdla. As a 
result, hydrophobic domains are exposed on the single $1 subunit, which 
is enabled to penetrate the cell. Here, the reducing environment in the 
cytosol causes its separation into two components, Al and A2. The Al 
subunit catalyses the ADP-ribosylation reaction: 


NAD* + protein — ADP-ribosyl-protein + nicotinamide + H* 


Similar to pertussis toxin, cholera toxin is composed of five non- 
covalently linked subunits which are arranged in a ring-like pentameric 
formation surrounding a single catalytic-subunit. 
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The B-subunits bind with high affinity (K, ~ 1 nmol/l) to the monosia- 
lyganglioside GM1, ubiquitously expressed on the surface of all animal 
cells. (Note: there is also evidence for ADP-ribosylation of GTPases in 
plant cells by cholera toxin.”®*°) On gaining entry, the Al subunit catalyses 
the ADP-ribosylation reaction. When this reaction was first carried out in 
the presence of radioactively labelled NAD*, the label was transferred to a 
single membrane bound protein, which, when isolated, proved to be the 
nucleotide-binding component (a-subunit) of G 733 

As reagents, cholera and pertussis toxins have been instrumental in 
assigning particular receptors to particular G-proteins in signalling path- 
ways. The substrate arginine (R201) which is modified by cholera toxin is 
clearly a crucial component of the GTPase catalytic site of a. Mutants 
generated by substituting R201 hydrolyse GTP at a greatly reduced rate 
(reduced K) and are in consequence persistently activated. Acquired 
(somatic) mutations at this site sometimes occur in non-metastatic 
endocrine tumours (adenomas). Being non-invasive and restricted to 
a single clone of cells, they are nonetheless not without dire con- 
sequences. 

As an example, the physiological stimulus to the secretion of growth 
hormone from pituitary somatotrophs is provided by pulses of GHRH 
released from the hypothalamus, especially during periods of deep sleep. 
This provides both the signal to secrete growth hormone and the trophic 
stimulus by which these cells maintain their normal number and size. 
GHRH binds to 7TM receptors on the somatotrophs and the signals are 
transduced through G, In some patients presenting with the symptoms of 
giantism or acromegaly, it is found that R201 of the a, in the somatotrophs 
has been replaced by cysteine or histidine. The consequent and persistent 
activation of adenylyl cyclase and the elevated level of cAMP causes 
hypersecretion of growth hormone and gross enlargement (adenoma) of 
the gland.* A similar somatic mutation of a, in thyroid cells causes excess 
secretion of thyroid hormone. Mutations in the equivalent position 
(R179: see Table 4.4, page 88), suppressing the GTPase activity of G,, are 
associated with adrenocortical and ovarian tumours.* 


E Phospholipase C 


E First hints of a signalling role for inositol phospholipids 


The first hints of a role for the inositol-containing phospholipids in cell 
regulation emerged as long ago as 1953.3 However, some 20 years elapsed 
before a viable proposal concerning their role was forthcoming. R. H. 
Michel!” then pointed to the striking correlation between the activation of 
receptors that cause an increase in the metabolism of phosphatidylinositol 
(PI) and activation of processes such as secretion and the contraction of 
smooth muscle that are dependent on Ca”. Although a phospholipase C 
(PLC)-catalysed reaction was inferred, the precise identities of the sub- 
strate and the resulting second messengers remained elusive. Then it was 
found that the rate of depletion of the polyphosphoinositides, in particular 
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P,) (Figure 5.9) and not 


Note that in addition to the 
ADP-ribosylating toxins, both 
Vibrio cholerae and Bordetella 
pertussis synthesize and 
release many other 
cell-penetrating toxins. 
Interestingly, one of the 
major virulence factors of B. 
pertussis is a secreted form 
of adenylyl cyclase which 
becomes activated in contact 
with cellular calmodulin. 


The word somatic refers to 
any cell of a multicellular 
organism that does not 
contribute to the production 
of gametes. 
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Figure 5.9 Phospholipases cleave specific phospholipid ester bonds. The structures of p PI(4,5)P, (specifically, 
l-stearoyl,2-arachidonyl PIP,) and its breakdown products. The glycerol nucleus is picked out in blue. The biological 
form of inositol, based on cyclohexane, is myo-inositol, in which the hydroxy substitutions at positions |, 3,4,5 and 6 
are all equatorial (e), while the 2 position is substituted axially (a). Together with diacylglycerol, this is the product of 
PLC. Phosphatidate is the product of PLD (together with choline, the main reacting phospholipid being phosphatidyl 
choline). Arachidonate (together with a lysophospholipid) is the product of PLA.. 


phosphatidylinositol itself, correlates with the onset of cellular activa- 
tion.** The water-soluble product IP, resulting from the hydrolysis of 
PI(4,5)P,, was found to release Ca from intracellular storage sites when 
introduced into permeabilized pancreatic cells.” Within a very short time 
it was shown that this mechanism is ubiquitous and that the immediately 
accessible Ca** stores are present in the endoplasmic reticulum which is 
endowed with receptors for IP, (see Chapter 7). The hydrophobic product 
of PI(4,5)P, breakdown is diacylglycerol (DAG) and this is retained in the 
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membrane bilayer. It causes the activation of protein kinase C (see Figure 
7.6, page 153; also Chapter 9). 


E The phospholipase family 


Phospholipids possessing a glycerol backbone contain four ester bonds, 
all of which are susceptible to enzyme-catalysed hydrolysis by specific 
phospholipases (see Figure 5.10). 

Hydrolysis at three of these positions give rise to products that are 
either second messengers or substrates for enzymes that yield further sig- 
nalling molecules. 


PLA, and PLD 

Phospholipase A, (PLA,) hydrolyses mostly phosphatidylcholine yielding 
a lysophospholipid and releasing the fatty acid bound to the 2-position, 
generally arachidonate. Arachidonate is the substrate for the formation of 
prostaglandins and leukotrienes (potent signalling molecules with 
autocrine and paracrine effects involved in pathological processes such 
as inflammation). Phospholipase D (PLD) provides another, less tran- 
sient, source of DAG by cleaving phosphatidyl choline (the major mem- 
brane phospholipid) to form phosphatidate and the water-soluble 
choline. Removal of the phosphate (by phosphatidate phosphohydrolase) 
produces the DAG. 


Phospholipase C 

The process by which IP, is formed in response to agonist stimulation 
requires the activation of a plasma membrane-associated enzyme of the 
phospholipase C (PLC) family. Its substrate, PI(4,5)P, or PIP,, is derived 
from phosphatidylinositol through the action of lipid kinases (Figure 5.9). 
In addition to the PLCs, PI(4,5)P, is also the substrate of the phospho- 
inositide 3-kinases that cause further phosphorylation, generating the 
lipid second messenger PI-3,4,5-P, (see Chapter 13). 


M The isoenzymes of PLC 


A number of PLC isoforms have been purified and cloned. 

They fall into three main classes, 8, y and 6. Examination of the amino 
acid sequence, (starting at the N-terminus), reveals that all of the PLCs 
possess a PH domain (defined in Chapter 18) and then a stretch contain- 
ing EF-hand motifs (Chapters 8 and 18). All forms of PLC possess a C2 
domain in the vicinity of the C-terminus. The catalytic centres, split in two 
separated subdomains, X and Y, possess high sequence similarity. In the 
case of PLCy, the intervening sequence extends to more than 500 amino 
acids and encompasses two SH2 domains and a single SH3 domain (Fig- 
ure 5.11; see also Table 18.1, page 393). In spite of their considerable 
separation in the primary sequences of these enzymes, in the folded 
structure the X and Y segments come together forming two halves of a 
single structural unit which comprises the catalytic centre. 


The status of a possible 
a-isoform is uncertain 

since the cDNA originally 
associated with this enzyme 
was later found to code for a 
protein disulphide isomerase. 
Isoenzymes also exist within 
each class, as PLCB,_,, 
PLCy,_,, PLCS 4 
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Figure 5.10 Phosphatidyl inositol (PI) and its derivatives P14-P and PI(4,5)P.,. 


M PLCS: a prototype 


The -forms of PLC are likely to be ancestral to the other animal phos- 
pholipase C isoenzymes. They are of lower molecular weight and possess 
no domains that are unique to themselves (i.e. that are lacking in either of 
the other two classes). Only the 5-forms are present in organisms such as 
the yeasts, Dictyostelium and flowering plants. It is has been speculated 
that PLCS emerged initially as a Ca**-dependent generator of DAG, the 
activator of PKC.*! In this case, the water-soluble by-product, IP,, would 
have had no role to play in signalling. Later in evolution, as it too became 
a second messenger, regulating Ca”, more complex forms of PLC (8 and 
y) emerged that are regulated by receptors. 

The relevance of the domains that are common to all the known iso- 
forms is unclear. Although EF-hand motifs may bind Ca* (Chapter 8), the 
N-terminal EF-hand-containing structure in the PLCs does not appear to 
be the site through which regulation by Ca% is expressed. However, it is 
certainly of importance, possibly in a structural context, since the activity 
of the enzyme is abolished when about half of this domain is deleted. X- 
ray diffraction of PLCS co-crystallized with IP,, which mimics the head 
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Figure 5.1! Organization of domains in the amino acid sequences of the PLC enzymes: (a) The main 
structural domains are indicated. In all of the inositide specific PLCs, the catalytic domain is divided in two parts, 
designated X and Y. PLCS possesses a minimalist design, having only the PH, C2 and EF-hand domains, all of which are 
present in the other structures. The long (approximately 500 amino acids) C-terminal extension on PLCB enables its 
association with membranes and allows for regulation by a-subunits of the G, family of G-proteins. In PLCy the 

X and Y components are separated by an extended stretch of more than 500 amino acids and which includes two 
SH2 and one SH3 domains. These mediate the interaction of the PLCy enzymes with phosphorylated growth factor 
receptors and other signalling molecules. The sites of phosphorylation by receptor tyrosine kinases are indicated. 

(b) Evolutionary relationships of the Pl-specific phospholipases C based on sequence comparisons of the conserved 
X and catalytic domains. Adapted from Singer et al.“ 


group of PI(4,5)P,, has revealed that the regulating Ca’ ions are bound at 
the active site of the enzyme and also to the IP, molecule.” It is likely that 
the PH domain tethers the enzyme to the membrane by high-affinity 
attachment to PI(4,5)P,. The C2 domain may then reinforce this attach- 
ment in a Ca** dependent manner, optimizing the orientation so that the 
active site can insert into the membrane for catalysis (Figure 5.12). 

While the B and y isoforms of PLC are certainly more central to the 
regulation of cellular activity by receptors, a basis for the understanding of 
their regulation is provided by knowledge of the simpler 6 isoform. It may 
also offer clues about the operation of other signal transduction enzymes, 
such as PKC (Chapter 9), cytosolic PLA, and PI 3-kinase (Chapter 13), that 
use similar structural modules for reversible association with membranes. 


M Regulation of PLC 


There are two ways in which PLC may be activated to hydrolyse PI(4,5)P.,. 
One of these involves G-proteins and the other a protein tyrosine kinase. 


G-protein-coupled activation of phospholipase CB 
The ß isoforms of PLC are activated by G-protein-mediated mechanisms 
involving members of the G, G, or G, families. For proteins of the G, class 
it is the a-subunit that conveys the activation signal, interacting at a site 


Signal Transduction 


(a) PLC PIP 
5 a t 
octive =z 
7 site t 
n PH: 
EFica _ gray 
A = lial bi r 
(t PLC 
GBy Go. 


t 
Pie ap as phosphotyrosines 


"mI a 


Figure 5.12 Membrane-association of PLC. (a) Initial attachment of PLCS is 
through its PH domain. Subsequently, the C2 domain brings the catalytic site into contact 
with its substrate. (b) PLCB interacts additionally with GBy or Ga, to initiate catalysis. 
(c) PLCy also interacts with phosphotyrosines, through its SH2 domains. Adapted from 
Katan and Williams.” 


in the extended C-terminal region of these enzymes. In the case of recep- 
tors which communicate through G, and G, (for example, a-adrenergic, 
M2 and M4 muscarinic) it is the By heterodimer that activates PLC inter- 
acting at a site between the X and Y catalytic subdomains.“ This may be 
prevented by treating cells with pertussis toxin which catalyses ADP- 
ribosylation of the a-subunits of G, and G, but not the members of the G, 
family. In addition, it is important to remember that the G-proteins, their 
subunits and the PLC effector enzymes are all membrane-associated. 
Also, that the substrate, PI(4,5)P,, and one of the products of reaction, 
DAG, are hydrophobic and are retained as integral components of the 
membrane phospholipid bilayer. In contrast, the other product, IP,, is 
water-soluble and is released into the cytosol. 


Phospholipase Cy is activated through interaction with a protein tyrosine kinase 
The y isoenzymes of PLC possess an additional region, absent from the B 
and 3 forms, inserted between the X and Y sequences of the catalytic 
domain (Figure 5.11). This region contains one SH3 domain and two SH2 
domains. PLCy is present in cells that have receptors that respond to 
growth factors (e.g. EGE PDGF and insulin receptors) and also in cells that 
bear receptors belonging to the immunoglobulin superfamily (e.g. T and 
B lymphocytes). The SH2 domains on PLCy enable it to bind to motifs on 
the intracellular chains of receptors that have become phosphorylated 
on tyrosine residues following the binding of a stimulatory ligand (see 


Effector Enzymes Coupled to GTP Binding Proteins 


Chapter 11). This brings PLC into a signalling complex, where it becomes 
phosphorylated itself by the tyrosine kinase activity of the receptor (or an 
accessory, non-receptor tyrosine kinase). This signals its activation. 
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The regulation of visual 
transduction 


Do not the Rays of Light in falling upon the bottom of the Eye excite Vibrations 
in the Tunica retina? Which Vibrations, being propagated along the solid Fibres 
of the optick Nerves into the Brain, cause the sense of seeing. 

Sir Isaac Newton, Opticks (1704) 


The visual system provides an exceptional opportunity to investigate the 
transduction mechanism of a 7TM receptor at the level of a single mole- 
cule. The molecule is the photoreceptor pigment rhodopsin. This consists 
of the protein opsin to which is bound the photosensitive compound 
11-cis-retinal. The stimulus is light and the second messengers are cyclic 
GMP and Ca?*.! 


E Sensitivity of photoreceptors 


Significant advances in our understanding of molecular mechanisms in 
biology have, from time to time, emerged from opportunities that allow us 
to observe unitary events. For example, our appreciation of ion channels 
has benefited from the observation of the opening and closing of individ- 
ual channels. In a similar way, our understanding of the first steps of the 
visual transduction mechanism has followed from the investigation of the 
interaction of light with single photoreceptor molecules. To detect this it 
is necessary to illuminate photoreceptors with very low light intensities to 
establish the minimal conditions for excitation. The first attempts were 
made in the 19th century, well before it had been realized that light pos- 
sesses both wave and particle properties. 

Only then could estimates of the minimal intensity in terms of quanta 
could be made. With little knowledge of the basic physiology of the 
human eye, Hecht, Shlaer and Pirenne in 1942 set about measuring its 
quantum sensitivity.” Using dark-adapted human subjects responding 
verbally to precisely calibrated single flashes (1 ms duration at 510 nm, 
close to the optimal wavelength for vision in dim light), they determined 
that the eye’s detection limit corresponds to energies, incident at the 
cornea, in the range 2-6 X 10°!’ J, equivalent to 54-148 photons. To calcu- 
late the energy actually absorbed by the retinal receptors, they applied 


For an excellent review of 
visual phototransduction, see 
Lagnado and Baylor.! 


Light is defined by its wave 
properties — frequency (v) 
and wavelength (A) where 
the velocity c = v X à. The 
intensity of a beam of light is 
the rate at which energy is 
delivered per unit area. It is 
measured in W m”. Light 
also possesses particle 
properties. The quanta are 
called photons and the 


energy (in J) of a single 
photon is given by E=h X v, 
where h is Planck's constant 
(6.626 X 10°% J s). 
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corrections to take account of losses due to reflection (4% at the cornea) 
and absorption by the ocular medium (50%). Also at least 80% of the light 
falling on the retina passes through unabsorbed. The estimated number 
of photons absorbed by the visual pigment was then 5-14. Since this is 
very small in comparison with the number of rods in the field illuminated, 
it was concluded that human photoreceptor rod cells are of such sensitiv- 
ity that the coincidence of single photons impinging simultaneously on 
five cells is sufficient to strike consciousness in a human being.” 


The fact that for the absolute visual threshold the number of quanta is small 
makes one realize the limitation set on vision by the quantum structure of light. 
Obviously the amount of energy required to stimulate any eye must be large 
enough to supply at least one quantum to the photosensitive material. No eye 
need be so sensitive as this. But it is a tribute to the excellence of natural selec- 
tion that our own eye comes so remarkably close to the lowest level.’ 


Much later, estimation of the quantum sensitivity of individual pho- 
toreceptors was performed electrophysiologically using suction elec- 
trodes applied to single rod cells obtained from the toad.* This approach 
avoids the subjectivity of human psychophysical experimentation and 
many of the assumptions made concerning the proportion of the light 
signal that actually reaches the photoreceptors. An outward membrane 
current was recorded during illumination and when dim flashes of light 
were applied, the current fluctuated in a quantal manner. Similar quantal 
responses have been observed in photocurrent records from primate rod 
cells; examples are shown in Figure 6.1. Each unitary event is considered 
to be the result of an interaction between a single photon and a single pig- 
ment molecule. 

Although the human eye is able to sense fluxes of just a few photons per 
second, it can also detect subtle intensity differences under conditions of 
very bright illumination. This gives it a remarkable dynamic range. Addi- 
tionally, the human eye can detect transient events and recover rapidly. 
For example, when exposed to a train of dim flashes, we can distinguish 
individual events up to a frequency of 24 Hz. The flickering image is an 
enduring (and endearing) feature of old movies, in which the frame rate 
is slower than the flicker-fusion frequency of the audience. The faster 
frame rate of modern cinematography is just sufficient to allow succes- 
sive images to fuse and give the impression of continuous motion. The 
flicker-fusion frequency of other species, such as some insects, can 
exceed 100 Hz. 

And when a Coal of Fire moved nimbly in the circumference of a Circle, makes 

the whole circumference appear like a Circle of Fire; is it not because the 

Motions excited in the bottom of the Eye by the Rays of Light are of a lasting 

nature, and continue till the Coal of Fire in going round returns to its former 

place? And considering the lastingness of the Motions excited in the bottom of 
the eye by Light, are they not of a vibrating nature? 
Sir Isaac Newton, Opticks 
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Figure 6.! Detecting light responses in single rod cells. (a) Responses of a single retinal rod cell to flashes of 
light. Light flashes evoke transient photocurrents in the membrane of a single rod cell outer segment. The amplitude of 
the transient outward currents increases with flash intensity up to a saturating level of 34 pA; (wavelength 500 nm, 
flash duration || ms, photon density |.7-503 photons um”, species: monkey, Macaca fascicularis). (b) Quantal responses 
of single retinal rod cells to dim flashes. The membrane current responses of a single rod cell to a train of dim flashes 
are variable in amplitude. This variability together with the presence of background noise gives the appearance of a 
sequence of successes and failures. Amplitude histograms (not shown) reveal a quantal response to light. The unitary 
events have an average amplitude of 0.7 pA and they correspond to the detection of a single photon (photon density 
0.6 photons um), other conditions similar to panel (a). (c) Response of a single rod cell to steady illumination. Records 
of photocurrents evoked by periods of steady illumination correspond to the superposition of random photon 
responses. The photon flux density is indicated below each trace (photons pm” s"'). Adapted from Baylor et al.’ 
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a Photoreceptor mechanisms 


We know more about signalling through vertebrate photoreceptors than 
through any of the other 7TM receptors interacting with heterotrimeric 
GTP-binding proteins. However, a warning is in order. It should not be 
imagined that what we learn here is a general reflection of G-protein- 
coupled receptor mechanisms. Almost everything that happens in verte- 
brate phototransduction is the very converse of the normal sequence of 
events by which receptors signal the generation of second messengers 
and then their interactions with effectors. This is a world turned upside 
down. 11-cis-Retinal is the prosthetic group in rhodopsin that absorbs 
visible light (see Figure 6.3). It is not only the chromophore, it is also the 
ligand and it is already bound covalently to opsin before receipt of the 
light signal. After photoisomerization it detaches and diffuses into a 
neighbouring cell. The mechanism of transduction is coupled to mem- 
brane hyperpolarization and a reduction rather than depolarization and 
an elevation of the concentration of cytosol Ca™. The mechanism of 
down-regulation and preparation of the system for a subsequent bout of 
illumination continues in this vein, generally the very reverse of what we 
have learned about hormone receptor systems. By contrast, in the inver- 
tebrate photoreceptor system we appear to be on rather more familiar 
ground. Here, the excitation of rhodopsin is coupled mostly through G atO 
the activation of PLC and elevation of cytosol Ca”. 


a Photoreceptor cells 


The photoreceptor cells of the retina (illustrated schematically in Figure 
6.2) are of two types. There are the cones which collectively provide colour 
discrimination (photopic vision), and the rods which are responsible for 
sensing low levels of light (scotopic vision). The human retina contains 
about 120 million rods and about 6 million cones. It is common experi- 
ence that the appearance of colour is lost when objects are viewed in dim 
light and this is because the image is then detected only by the rods, 
which are more sensitive than cones but which possess no means of 
colour discrimination. The mechanism of phototransduction in cones is 
very similar to that of rods, differing only in terms of colour specificity. 
There are three types of cone, each containing one of three different pig- 
ments. Each of these, like rhodopsin, consists of 11-cis-retinal embedded 
in an opsin molecule. There are three different cone opsins that tune the 
absorption spectrum of the contained retinal to form either a red, green 
or blue sensitive photopigment. In the case of rods the tuning is matched 
to the spectral distribution of dim natural light, with an optimum at 
around 500 nm. Subsequent discussion will concentrate on rod cells. 


E Rod cells 


Photoreceptor cells are highly differentiated epithelial cells in which the 
light-sensing region is segregated from the main cell body as the outer 
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Figure 6.2 Organization of mammalian retina. 


segment (Figure 6.3). It is a salient (if not another perverse) feature of the 
vertebrate visual system that the light enters these cells through the end 
of the cell body distal to the photosensitive outer segment. Not only this — 
before it enters the photoreceptors, it first traverses a network of blood 
vessels and then several layers of neuronal cells. The outer segments of 
the photoreceptors contain arrays of 1000-2000 intracellular discs, flat- 
tened vesicular structures about 16 nm thick, the membranes of which 
contain the photopigment rhodopsin. Each disc is formed by the invagi- 
nation of the plasma membrane to produce a structure that eventually 
becomes detached, so that the intradiscal space is topologically equiva- 
lent to the extracellular space. By weight, 50% of the disc membrane is 
protein, mostly rhodopsin, and a single human rod cell contains on aver- 
age 10° molecules of rhodopsin. This protein is organized in the same way 
as the conventional 7TM receptors that are found in plasma membranes. 
The glycosylated N-terminus projects into the intradiscal space and the 
C-terminal domain, containing several potential phosphorylation sites 
(Ser/Thr) is exposed to the cytosol. Transducin, the G-protein that trans- 
duces the light signal," is also very abundant, though clearly outnumbered 


Beyond these difficulties, in 
albinism the fovea (the 
central region of the retina 
responsible for visual acuity) 
may also fail to develop 
properly, so that the eye 
cannot process sharp 
images well. 
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Figure 6.3 Rod photoreceptor cell and the rhodopsin molecule. 


by rhodopsin. It comprises about 20% of the total (50% of the soluble) 
protein and unlike other G-proteins, it is soluble. Photoreceptor cells pro- 
vide the only instance in which the number of receptors are present in 
large excess over the number of G-protein molecules to which they 
couple. The need for such vast amounts of rhodopsin is probably deter- 
mined by the fact that photons travel in straight lines - unlike normal 
soluble ligands, they are unable to diffuse in the extracellular medium 
until they are captured by their favoured receptor. 

The chromophore 11-cis-retinal (Figure 6.4) is coupled, through its 
aldehyde group, to the a-amino group of a lysine (K296) in the centre of 
the G transmembrane segment, as a protonated Schiff base. Although 
covalent, this linkage is broken subsequent to the photoisomerization to 
all-trans-retinal (Figure 6.4), which is released for reprocessing. 

The extremities of the rod outer segments protrude into the layer of 
cells that form the pigment epithelium. This layer serves a number of pur- 
poses. Most significantly in connection with phototransduction, its cells 
contain the metabolic enzymes that regenerate the active isomer of ret- 
inal, 11-cis-retinal, from the inactive all-trans form following its detach- 
ment from the visual pigment in the neighbouring rods. As the name 
suggests, the cells of this layer contain their own pigment, which is 
melanin. This absorbs light that has penetrated past the arrays of discs in 
the rod cells and so prevents it from being scattered back into the pho- 
toreceptor layer. A failure to synthesize melanin (associated with the 
inherited conditions described as albinism) causes problems associated 
with bright lights and glare. 
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Figure 6.4 Structures of (a) I |-cis-retinal and all-trans-retinal. (b) Formation 
of a protonated Schiff base from an aldehyde and an amine. 


The principal enzymes of the transducing cascade are the G-protein 
transducin (G,) and the effector enzyme cyclic GMP phosphodiesterase. 
The rhodopsin is an integral membrane protein but the transducin and 
the phosphodiesterase are soluble. The cell body contains the nucleus, 
mitochondria and the organelles that form the protein synthetic appara- 
tus. This is very active, enabling the photosensory cells to keep pace with 
the loss of the outer segment discs which have a life of just a few weeks.® 
Over this period, the discs migrate progressively to the distal end of the 
outer segments where they are shed and phagocytosed by the pigment 
epithelial cells.” The inner ends of the photosensory cells form synapses 
with intermediate neurons. The neurotransmitter is glutamate. 


Dark current and signal amplification 

In the absence of illumination, the membrane potential of the photore- 
ceptor cells is about —30 mV. This is much less negative than the potential 
of excitable nerve and muscle cells and is due to the photoreceptor dark 
current caused by an influx of Na* and Ca** through non-specific cation 
channels. The ions are extruded from the cells by ion pumps (Na‘*,K*- 
ATPase) and exchangers (Na*/Ca?*) which are located in the plasma mem- 
brane of the inner segment of the photoreceptor cells. Thus there is a 
constant flow of cations into and out of the cell (Figure 6.5). 


Cyclic GMP: a second messenger in reverse 
In the dark, the cation channels are held in their open configuration by 
the presence of cyclic GMP. The effect of light is to initiate a series of 
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Figure 6.5 Principal cation movements across a rod cell plasma membrane in 
the dark, 


molecular rearrangements in rhodopsin that generate activated 
rhodopsin (Rh*) which then catalyses the exchange of GTP for GDP on 
transducin releasing a,.GTP and By-subunits. The a-subunit then activates 
cyclic GMP phosphodiesterase and cyclic GMP is hydrolysed to 5'-GMP. 

In the dark-adapted eye, cyclic GMP is present in the cytosol of rod 
outer segments at a concentration (40-80 uM), about 300-fold higher than 
in the nerve cells of brain. There are effectively 10-20 moles of cyclic GMP 
for each mole of rhodopsin. It binds directly to the cation channels to 
keep them in the open state. The sequence of events following illumina- 
tion ensures enormous amplification of the signal such that a single pho- 
ton, causing a single photoisomerization, can lead during the next second 
to the hydrolysis of more than 10° molecules of cyclic GMP, leading to the 
closure of about 500 cation channels, so blocking the influx of as many as 
10’ Nat ions. 

The cyclic GMP regulated channels are ligand-gated, but they differ 
from the ion channels operated by neurotransmitters, in that the ligand is 
applied from the inside of the cell and it is normally in place in the 
unstimulated eye in the dark. Three molecules of cyclic GMP are required 
to maintain the channel in its open state, with the result that the activa- 
tion curve for channel closure is very steep indeed. The consequence of 
this is that once committed to opening or closing, due to an appropriate 
change in cyclic GMP concentration, there is very little tendency for inde- 
terminacy. Like an electrical switch, the channel tends to be either open 
or shut. The 500 or so cation channels in a rod cell that close following the 
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transduction of a single photon represent 3% of the total number that are 
open in the dark. The resultant hyperpolarization (membrane potential 
more negative) is about 1 mV and lasts about a second. This is sufficient 
to depress the rate of neurotransmitter release at the synapse which 
impinges on the nerve cells that transmit the onward signals. 


a Adaptation: calcium acts as a negative regulator 


Given that the incidence of a singe photon can lead to the closure of 3% of 
the channels open in the dark, it might seem that steady illumination of 
even modest intensity would cause closure of all of the channels. Indeed, 
if the response of the system was directly proportional to the number of 
photoreceptor molecules activated, then saturation would be reached at 
very low light levels, as all the channels become closed. Yet, the human 
eye is capable of sensing small differences in the intensity of light against 
high background levels. Clearly, there must be an adaptive mechanism 
that reduces the amplification, so that there are always some open chan- 
nels when the background is bright. Overall the eye is responsive over an 
energy range of about 11 orders of magnitude. Much of this dynamic 
range can be accounted by the ability of individual photoreceptors to 
adapt by decreasing their sensitivity. Thus rod cells can adapt over 2 
orders of magnitude and cones can adapt even more (over 7-9 orders; see 
Figure 6.6). 

An important component of the adaptive mechanism by which the sen- 
sitivity is adjusted against ambient light level is contributed by the cytosol 
concentration of free Ca*. As the cation channels close in response to the 
hydrolysis of cyclic GMP, the concentration of Ca** declines from its dark 
level of about 300 nM to 10 nM under strong illumination. As always, the 


bright 
moderate 
dark background ekara 
background = (10* units) 

total cone = 
response 9 

oO 

10° 10° 10° 10° 


flash intensity (relative luminous intensity) 


Figure 6.6 The shift in the flash response curve of mammalian cone 
photoreceptors as the background light level increases. Cone responses 
(instantaneous illumination plus background) measured with a bipolar electrode. Modified 
from Valeton and Van Norren.® 


For example, this response 
allows us to perceive 
light-dark contrasts at levels 
of illumination that range 
from that of a dark overcast 
night sky (about 10% candela 
m°?) to the brilliance of 
sunlight reflected from snow 
fields (about 10’ candela 
m>). The candela is an SI unit 
of measure of the intensity 
of visible light, called the 
luminous intensity. One 
candela is the luminous 
intensity, in a given direction, 
of a source that emits 
monochromatic radiation of 
frequency 540 x 10°? Hz 
(green light) and that has a 
radiant intensity in that 
direction of 1/683 W per 
steradian. 
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effects of Ca**, whether stimulatory (e.g. causing the contraction of mus- 
cle) or inhibitory (as in the present case), are mediated through specific 
Ca’*-binding proteins. The synthesis of cyclic GMP by guanylyl cyclase is 
inversely and cooperatively regulated by Ca’. This is mediated through its 
interaction with guanylyl cyclase activating protein (GCAP), a member of 
the EF-hand group of Ca’*-binding proteins (see Chapter 8). It is the free 
form of GCAP which binds and activates guanylyl cyclase so that in the 
dark, when the level of Ca™ in the cytosol is high, the rate of cyclic GMP 
synthesis is low (Figure 6.7). This means that cyclic GMP hydrolysed 
under low light conditions is not so readily replenished and the system is 
kept at its most sensitive. In strong light, the conversion of GTP to cyclic 
GMP is accelerated due to the reduction in the concentration of free Ca”. 
The free GCAP binds to the cyclase and stimulates the resynthesis of cyclic 
GMP which in turn opposes the closure of the membrane channels. The 
effect is to counteract the long-term effects of the light-activated hydrol- 
ysis of cyclic GMP. 

Calcium also acts as a negative signal at a number of other points in the 
chain of events. It controls the influx of cations and restricts the extent of 
membrane hyperpolarization. Although the reaction rate of the phospho- 
diesterase reaction appears to be unaffected, the concentration of Ca** 
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Figure 6.7 Photo-adaptation: a fall in intracellular Ca” promotes cGMP 
synthesis, opposing the effect of cGMP phosphodiesterase. 
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acts to regulate the lifetime of the activated enzyme. In the dark, through 
its interaction with another EF-hand Ca?*-binding protein, recoverin (see 
Chapter 8), Ca% prolongs the signal through inhibition of rhodopsin 
kinase. The decline in the concentration of intracellular Ca** under 
intense illumination is permissive of rhodopsin phosphoryation and this 
necessarily curtails the lifetime of the activated phosphodiesterase (see 
Figure 6.11). Other sites of action of Ca** may include transducin (low Ca” 
might accelerate the GTPase reaction and so curtail the activation signal 
at this level) and the cyclic GMP-regulated ion channels. As the concen- 
tration of free Ca** declines during illumination, the affinity of the chan- 
nels for cyclic GMP increases, and this must oppose the effects of the fall 
in the concentration of cyclic GMP and favour the open state. 

To summarize, these highly integrated forms of automatic gain control 
arise in response to the generation of two signals as the membrane cation 
channels close in response to light. One of these is purely electrical and is 
conveyed as a pulse of hyperpolarization to the synaptic body, depressing 
the rate of release of the transmitter, glutamate. The other signal is chem- 
ical and results from the reduction in the concentration of cytosol Ca”. In 
essence, the light signal to these cells acts as a negative stimulus. In the 
dark, they are effectively partially depolarized and the rate of transmitter 
release at the synaptic body is maximal. In the light, they become hyper- 
polarized and the rate of transmitter release is depressed. 


E Photo-excitation of rhodopsin 


The initial light-induced isomerization of 11-cis-retinal to all-trans- 
retinal, which occurs within picoseconds, does not immediately trigger 
the rhodopsin to catalyse the exchange of guanine nucleotides on trans- 
ducin. The first rapid event is followed by a series of dark reactions. 
These have been characterized spectrally as the stepwise shift of the 
peak wavelength of light absorption of the photoreceptor protein to 
shorter wavelengths as the ligand and the opsin form a series of inter- 
mediates (Figure 6.8). 

The early forms, bathorhodospin, lumirhodopsin and metarhodopsin- 
I are unstable. It is metarhodopsin-II, also called photo-excited rhodopsin 
(Rh*), that is formed within milliseconds of light absorption and which 
initiates the transduction cascade by inducing guanine nucleotide 
exchange on transducin.*!! However, in contrast with ‘conventional’ G- 
protein transduction mechanisms, the ensuing step takes place without 
amplification. The effector, cyclic GMP phosphodiesterase, is a hetero- 
tetramer having two independent catalytic subunits, « and B, and two 
inhibitory subunits, y. The y-subunits are understood to impede the 
access of the substrate, cyclic GMP to the catalytic sites.’ The nucleotide 
exchange catalysed by Rh* occurs upon G,.GDP that is bound to the 
inhibitory y-subunits on the phosphodiesterase (Figure 6.9). When GDP is 
replaced by GTP the a,.GTP relieves the inhibition. As pointed out in 
Chapter 4, this is a cooperative process that involves both the conserved 
Ras-like (rd) domain of the a, subunit that interacts with the y subunits 
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Figure 6.8 Steps following isomerization of retinal. 


380 nm 


PDE-stimulated 
GTP hydrolysis 


Figure 6.9 Activation of transducin by photo-excited rhodopsin. The activation of cyclic GMP 
phosphodiesterase by q, is a cooperative process. In the resting state a, (GDP) interacts through the helical domain 
(hd) with the a- and $- subunits. This reduces the affinity of the catalytic units for the inhibitory y-subunits. Interaction 
of the Ras.GTP domain (rd) of a, with the inhibitory y-subunit of the PDE then acts as the switch, enabling access of 
the substrate cyclic GMP to the active sites on the a- and B-subunits. The return to the resting state is determined by 
the hydrolysis of GTP assisted by the immediate proximity of the phosphodiesterase, acting as a GTPase activating 
protein (GAP). 
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and the unique helical domain (hd: see Figure 4.12, page 88) that interacts 
with the catalytic units. The a, remains associated with the phosphodi- 
esterase, so preventing it from interacting with further effectors and by its 
proximity, ensuring rapid deactivation of the complex following hydro- 
lysis of GTR" 


E Switching off the mechanism 


We have described how a transient light signal rapidly initiates the photo- 
transduction pathway and we have seen how the transduction of a single 
photon results in a hyperpolarization that lasts for about a second. How- 
ever, this does not accord with our perception of transient optical signals 
which can be much briefer than this; the flicker-fusion frequency of 24 Hz 
corresponds to an image every 40 ms. This implies that there is a mecha- 
nism that shuts down visual transduction as soon as the stimulus is 
removed. Thus it is important for photoreceptor cells to be able to termi- 
nate signals emanating from the activated pigment and also to be able to 
terminate any signals that are in progress further down the cascade. These 
terminations therefore involve inhibition of the activities of the photopig- 
ment (the receptor), transducin (the transducer) and cyclic GMP phos- 
phodiesterase (the catalytic unit or effector). Cyclic GMP is replenished 
through activation of guanylyl cyclase. 

The conversion of metarhodopsin-I to metarhodopsin-II involves the 
loss of the proton from the Schiff base attaching the ligand to the pro- 
tein. After metarhodopsin-II has activated transducin and over the next 
minute or so, the linkage is hydrolysed to yield all-trans-retinal and the 
colourless apoprotein opsin. The pigment is said to be bleached. Later 
on, rhodopsin will be regenerated by the binding of 11-cis-retinal, 
regenerated from all-trans-retinal in the adjacent cells of the pigment 
epithelium.!*'® 


Retinal, an inverse agonist? 


A potential problem here is that opsin, although it is insensitive to visible 
light, in the presence of all-trans-retinal is capable of catalysing guanine 
nucleotide exchange on transducin, albeit to a low extent." Further- 
more, as noted in Chapter 3, the very high levels of rhodopsin in photore- 
ceptor cells must pose the risk that spontaneous activation might give rise 
to some form of spurious ‘dark vision’ (see page 61). It is important to bear 
in mind that the catalytic potency of opsin is very small, only 10% that of 
photo-excited rhodopsin.'? However, with 108 molecules of rhodopsin per 
cell, even a very low level of spontaneous activation would be sufficient to 
cause the sensation of light perception in total darkness. It is now thought 
that this is prevented by the ligand, 11-cis-retinal, acting as an inverse 
agonist and stabilizing the inactive conformation of the photoreceptor 
molecule (Figure 6.10).!’ Indeed, in the cell-free situation, the apoprotein 
opsin can catalyse guanine nucleotide exchange on the transducin and 
this can be inhibited by 11-cis-retinal. Conversely, all-trans-retinal 
behaves as an activator.'® 
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Figure 6.10 Possible four-state model of rhodopsin. Of the four states of the 
rhodopsin molecule that are shown, both Rh* and Rh’ can activate transducin. Rh’ is a 
non-covalent complex of opsin and all-trans-retinal and it is a weak activator of the G- 
protein. Rhodopsin itself does not activate G, because of the presence of | |-cis-retinal, 
acting as an inverse agonist. After Surya et al.” 
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Figure 6.1! Phosphorylation of activated rhodopsin and the binding of 
arrestin shuts off the signal. 


Activation of transducin by the apoprotein is avoided when it is phos- 
phorylated by rhodopsin kinase. This is activated by the transducin By- 
subunits in a manner similar to the action of the receptor kinases (Chapter 
4). As a result, the phosphorylated C-terminal domain of rhodopsin acts as 
a binding site for arrestin, the most abundant protein in the cytosol of the 
outer segments. This effectively blocks any further interaction with 
transducin and prevents any signals emanating from the light-insensitive 
opsin (Figure 6.11). 

The rate of decline of the photoresponse is primarily determined by the 
deactivation of transducin which constitutes the rate-limiting step in the 
sequence of reactions leading from activated rhodopsin to the cyclic GMP 
phosphodiesterase.” The persistence of the active form of the a-subunits 
must depend entirely on the rate of hydrolysis of the bound GTP. The 
hydrolysis rate by isolated a. subunits is far too slow to account for the 
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physiological rate of recovery, but this is enormously accelerated when it 
is reconstituted in vitro together with the phosphodiesterase, approach- 
ing the rate that can be measured in disrupted retinal rod outer seg- 
ments.”! In this sense, the phosphodiesterase appears to act not only as 
the downstream effector of transducin, but also as a GTPase activating 
protein (GAP) that functions to ensure abrupt signal termination. How- 
ever, this is not the full story because for knock-out mice lacking RGS-9 (a 
member of the RGS family of GAP proteins, uniquely expressed in rod 
outer segments”), recovery is not only slow, but it is insensitive to the 
presence of the phosphodiesterase.”? From this it appears that the GAP 
activity actually resides in the RGS protein, which lies in wait until the a, 
is in communication with the phosphodiesterase before it pounces. The 
system has the advantage that the activated form of a, is likely to persist 
until it scores an effective hit but, of course, under no circumstances must 
it be allowed to linger. 


E A note on phototransduction in invertebrates 


We have described the basic elements of the signal transduction process 
as it occurs in the rod cells of vertebrate eyes. The situation in inverte- 
brates is very different, as summarized in Figure 6.12. 

In some ways, phototransduction in flies and other spineless creatures 
appears to follow more familiar pathways. Here, the light-activated 
rhodopsin is coupled through the G-protein G „ not transducin. This regu- 
lates phospholipase CB, producing IP, and DAG, and results in the eleva- 
tion of intracellular Ca% and the activation of protein kinase C. As with 
vertebrates, these events initiate both electrical and chemical signals, but 
here the consequence is the opening, not the closure of plasma membrane 
ion channels. This causes a very transient depolarization (instead of hyper- 
polarization) and further elevation of the concentration of cytosol Ca’. As 
with vertebrates, Ca?* plays several roles ensuring the deactivation of the 
photosignal. In addition, PLC is both the target and a regulator (GTPase 
activator: see Chapter 4) of G_,” and PKC is a negative regulator of the Ca** 
channels, Trp and TrpL (Trp-like; see Chapters 7 and 9). 

As with vertebrates, the chromophore retinal is an integral component 
of rhodopsin, but with the difference that it remains attached to the opsin 
throughout the cycle of activation and recovery. Following illumination by 
blue light (below 490 nm), the retinal undergoes rapid isomerization to 


Is not Vision preform’d chiefly by the Vibrations of this medium, excited in the 
bottom of the Eye by the Rays of Light, and propagated through the solid, 
pellucid and uniform Capillamenta of the optick Nerves into the place of 
Sensation? And is not Hearing perform’d by the Vibrations either of this or some 
other Medium, excited in the auditory Nerves by the Tremors of the Air, and 
propagated through the solid, pellucid and uniform Capillamenta of those 
Nerves into the place of Sensation? And so of the Other Senses. 

‘Sir Isaac Newton, Opticks 
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Figure 6.12 Comparing the main features of retinal phototransduction in vertebrates and flies. The main 
elements of visual phototransduction in vertebrates (a) and in Drosophila (b, c) are illustrated. For further detail, see 
text. The diagram in (c) illustrates the rhodopsin cycle in Drosophila in which the chromophore remains attached to the 
receptor throughout the process of activation and subsequent recovery. As with vertebrates, activation is initiated by a 
photon of light that causes the conversion of | |-cis-retinal to the all-trans form. In the invertebrate, however, recovery 
is effected by a second, longer wavelength pulse of light following phosphorylation of the rhodopsin. 


the all-trans form and the resulting metarhodopsin catalyses guanine 
nucleotide exchange on G.. Unlike vertebrates, the retinal remains firmly 
attached and the activated metarhodopsin is so stable that it would have 
a half-life of more than 5 hours.” This would not be much help to flies 
except that phosphorylation and then the binding of arrestin, sensitizes 
the system to a second photon, this one of longer wavelength (580 nm, 
orange). This triggers the reinstatement of 11-cis-retinal. 
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Calcium and signal 
transduction 


Calcium is an abundant element. It constitutes 3% of the Earth’s crust and 
it is prominent throughout the biosphere. It is present in fresh and sea 
water at levels that range from micromolar to millimolar. Ca** ions and 
Ca**-binding-proteins are essential for many biochemical processes in 
both prokaryotic and eukaryotic cells. In this chapter and in Chapter 8, we 
shall see that Ca** has special roles in the signalling mechanisms that 
regulate the activities of eukaryotic cells and that this depends upon the 
sensitivity of some proteins to changes in Ca*™ concentration. 


E A new second messenger is discovered 


A number of the more enduring truths of science have been discovered 
when a failure of vigilance is coupled with uncommon perspicacity. 
Sidney Ringer's discovery of a requirement for calcium in a biological 
process must surely be placed in this category.!? 

Henry Dale's account: 


Ringer was a physician to University College Hospital, and, in such time as he 
could spare from his practice, one of the pioneers of pharmacological research 
in this country. In his early experiments he had found that a solution contain- 
ing only pure sodium chloride, common salt, in the proportion in which it is 
present in the serum of frog's blood would keep the beat of the heart in action 
for only a short time, after which it weakened and soon stopped. And then 
suddenly the picture changed: apparently the same pure salt solution would 
now maintain the heart in vigorous activity for many hours. Ringer was puzzled, 
and thought for a time that the difference must be due to a change in the sea- 
son of the year — until he discovered what had really happened. Being busy 
with other duties, he had trusted the preparation of the solutions to his labora- 
tory boy, one Fielder; and as Fielder himself, who | knew as an ageing man, 
explained to me, he didn't see the point of spending all that time distilling water 
for Dr Ringer, who wouldn't notice any difference if the salt solution was made 
up with water straight out of the tap. But, as we have seen, Ringer did notice the 
difference; and when he discovered what had happened he did not merely 
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become angry and insist on having distilled water for his saline solution, he took 
full advantage of the opportunity which accident had thus offered him and 
soon discovered that water from the tap, supplied then to North London by 
the New River Water Company, contained just the right small proportion of 
calcium ions to make a physiologically balanced solution with his pure sodium 
chloride. ... 


Hints of a wider role for calcium soon followed with Locke’s demon- 
stration? that removal of calcium could block the transmission of 
impulses at the neuromuscular junction in a frog sartorius muscle prep- 
aration. The realization that this requirement for calcium is due to its role 
in controlling the secretion of a chemical messenger (neurotransmitter) 
had to wait 50 years.*° 

The direct introduction of Ca” ions into muscle fibres to cause con- 
traction was first reported by Kamada and Kinoshita in 1943.8 At this time 
Japan and the USA were at war, and as a result of the breakdown of com- 
munication, the credit for this finding has generally been ascribed to the 
Americans Heilbrunn and Wiercinski, who reported their results 4 years 
later.” Other cations such as Na‘, K* and Mg” were found to be without 
effect. It had been Heilbrunn’s contention, at that time at least, that the 
effect of calcium was on the general colloid properties of the protoplasm 
and that the effects of ions on isolated proteins would lack biological rel- 
evance.® However, Otto Loewi (see Chapter 1) who attended their presen- 
tation at the New York Academy of Sciences, was heard to growl ‘Kalzium 
ist alles’. So it remained, until the biochemical understanding of signalling 
mechanisms became more developed, taking in cAMP (Chapter 5), 
GTPases (Chapter 4), tyrosine kinases (Chapter 11), PI 3-kinases (Chapter 
13) and much more. Even with his foresight, however, had Loewi lived to 
the end of the century, he would surely have been astounded by the 
prominence of calcium in contemporary biology. 

In previous chapters we have seen how the idea of second messengers 
followed from the work of Sutherland and Rall,’ showing that the genera- 
tion of cAMP represents the essential link between membrane events and 
the metabolic process in the signalling of glycogenolysis. If cAMP can be 
said to be the first second messenger, then Ca” is certainly the second. 
Indeed, it is a more ubiquitous messenger than cAMP, regulating a very 
diverse range of activities, including secretion, muscle contraction, fertil- 
ization, gene transcription and cell proliferation. 


E Calcium and evolution 


Although prokaryotic cells do not make extensive use of intracellular Ca** 
as a signal, its level is kept very low. The evolution of the multicompart- 
ment structure of eukaryotic cells from their prokaryotic forerunners is 
thought to have occurred in stages, involving successive invaginations 
and internalizations of the cell membrane. Some modern prokaryotes 
provide evidence for this (Figure 7.1). The internalization of elements of 
the plasma membrane had the effect of segregating specific functions on 
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to specialized intracellular structures, such as the nuclear envelope, the 
smooth and rough endoplasmic reticulum, the Golgi membranes, lyso- 
somes, etc. A probable early outcome of this process was the formation of 
a reticular compartment responsible for protein synthesis — a ‘protoendo- 
plasmic’ reticulum. This organelle inherited powerful ion translocation 
mechanisms that, instead of expelling Ca% from the cell, could now draw 
it from the cytosol into its lumen, providing an intracellular Ca% store. 

The formation of specialized membranes and organelles imposed a 
need for eukaryotic cells to elaborate the means of communication 
between their various internal compartments and the external world. 
Furthermore, the later evolution of complex metazoan organisms having 
differentiated cells with individual specialized functions necessitated 
increasingly complex signalling systems. These would enable the cou- 
pling of extracellular signals to intracellular signalling pathways and 
thence to specific downstream effectors. Calcium is well suited for the 
role of an intracellular messenger for two main reasons. One is that its 
immediate proximity provides the opportunity for it to enter the cytosol 
directly, through membrane channels, either from the extracellular envi- 
ronment or from the internal reticular compartment; the other is pro- 
vided by calcium’s distinctive coordination chemistry. 


E Distinguishing Ca” and Mg”* 


Although nature seems to have taken advantage of the presence of Ca’*, 
its suitability for signalling depends upon its ability to form stable com- 
plexes with particular biological molecules. The ability of metal ions such 
as Ca” and Mg” to form coordination complexes with anionic or polar 
ligands can be described by equilibria of the form 


M+LSML 


in which ML represents the complex of the metal ion M with the ligand L. 

The stability (equilibrium) constant Kis a measure of the stability of the 
complex. 

All ions in aqueous solution are surrounded by a hydration shell, so in 
order for coordination to occur, water molecules must be displaced from 
both the metal and the ligand. The factors that determine the stability 
therefore include not just the electrostatic attraction between cation and 
ligand, but also attractive and repulsive interactions between adjacent co- 
ordinating ligands. Importantly, water is itself a ligand that stabilizes the 
ionized state. Not all of the water molecules present in the hydration shell 
need necessarily be removed to form a complex. The stability of the com- 
plex will therefore depend upon the energy of association of M and L, set 
against the energies of association of M and L separately with water. 

Ca** is remarkably different from Mg** in these respects.’ This is princi- 
pally because Ca** is larger and has less difficulty accommodating ligand 
atoms around its surface. The number of atoms that bind to it in a com- 
plex (the coordination number) may vary between 6 and 12, and the 


Figure 7.1 Thiovulum, 
a sulphur-oxidizing 
bacterium, possesses 
endoplasmic 
membrane structures. 
This large eubacterium 
(diameter about 6 um) 
possesses an intracellular 
membrane system 
possibly including a 
rudimentary rough 
endoplasmic reticulum. 
The black dots inside the 
cell are probably 
ribosomes. The small 
blobs at the top left are 
‘ordinary’ bacteria. From 
Tom Fenchel, Marine 
Biological Laboratory 
Helsingor, Denmark. 


The term ligand was first 
coined by chemists to 
describe an electron- 
donating group that forms 
coordination complexes with 
metal ions. 


The stability constant K is 
the reciprocal of the 
dissociation constant K» 
which represents the 
concentration of free cation 
M at which the ligand is half 
saturated. 


The word chelate is derived 
from Latin chela, meaning a 
claw of a crab or lobster. 
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geometry of the arrangement around the coordination sphere is rather 
flexible. Conversely, Mg’* forms complexes in which the ligand atoms are 
nearly always arranged in an octahedral formation (a coordination num- 
ber of 6). For small anions that can be accommodated in such a structure, 
the strength of association with Mg” is greater than with Ca”. For bulky 
and irregularly shaped anions, for which the octahedral requirement can- 
not be satisfied, the order is reversed. 

Chelating agents are synthetic compounds that provide an array or cage 
of several ligand atoms. Such multidentate (‘many-toothed’) assemblies, 
particularly those that form an irregular structure, can be very selective 
for Ca** over Mg”, because of the ability of Ca to tolerate an irregular 
geometry. One of the most specific Ca?* chelators is EGTA (Figure 7.2). 
This molecule possesses four carboxyl groups and two ether oxygens and 
exhibits a 105-fold selectivity for Ca?* over Mg”. (Note that Ca% over- 
whelmingly prefers oxygen atom donors.) EGTA and similar compounds 
can be used as Ca”* buffers to control the concentration of free Ca” in 
experiments. 


E Free, bound and trapped Ca? 


In the biological world, Ca** may be considered to exist in three main 
forms: free, bound and trapped. In vertebrates, calcified tissues such as 
bones and teeth account for the major proportion of body calcium. 
Within these tissues calcium is trapped in mineral form (with phosphate) 
as hydroxyapatite. Apart from its structural function, bone provides a 
reservoir of slowly exchangeable calcium that can be mobilized, when 
needed, to maintain a steady extracellular concentration (Table 7.1). The 
total amount of calcium in extracellular fluid, in comparison with that in 
mineralized tissues, is very small, and only about half of this exists as the 
free ion. The remainder is bound mostly to proteins in the extracellular 
milieu. Within cells, the concentration of free Ca* inside the cytosolic 
compartment is four orders of magnitude lower than its concentration in 
extracellular fluid (Table 7.1). A considerable proportion of intracellular 
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Figure 7.2 EGTA (ethylene-bis(2-aminoethylether)-N,N,N,N -tetraacetic acid). 


Table 7.1 Approximate levels of free Ca** and Mg** 
[Ca*] mer) 


Plasma, extracellular fluid 1-2 mmol/l pCa ~3 | mmol/l 
Intracellular cytosolic (resting cells) 50-100 nmol/l pCa ~7 0.5-1 mmol/l 
Intracellular lumenal (ER) 30-300 umol/l pCa 54 
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calcium is also bound to proteins and these exhibit a wide range of affini- 
ties. More importantly, many are able to bind Ca” ions in the presence of 
a huge excess of Mg”. This is because the arrangement of the amino acid 
side chains that bear the coordinating atoms tends to create sites of 
irregular geometry. There is also structural flexibility. This has important 
consequences for the ‘on-off’ kinetics of binding. 

In the extracellular environment, free Ca* and Mg” are both present at 
millimolar concentrations (Table 7.1). Low affinity Ca?*-binding-proteins 
provide a short-term, local buffer, and in vertebrates at least, long-term 
(homeostatic) control of free extracellular Ca** is maintained by a hor- 
monal mechanism that utilizes the mineralized tissue reservoirs. Failure 
to maintain a stable level of extracellular Ca?* can have serious conse- 
quences. Excess circulating Ca™ (hypercalcaemia) reduces neuromuscu- 
lar transmission and causes myocardial dysfunction and lethargy. 
Hypocalcaemia affects the excitability of membranes and, if left 
untreated, leads to tetany, seizures and death. 


E Cytosol Ca” is kept low 


Ca?*-binding proteins within prokaryotic and eukaryotic cells fulfil a wide 
range of functions (see Chapter 8). Some are employed to keep cell Ca” 
low. These are membrane pumps and ion exchangers. Others act as intra- 
cellular Ca” buffers. In eukaryotic cells, low Ca”* levels are maintained in 
the cytosolic compartment by ejecting Ca* from the cell and also by 
pumping it into the lumen of the endoplasmic reticulum (ER). The pumps 
are transmembrane proteins that move Ca* ions across membranes 
against their electrochemical potential gradients. 

They are called Ca’*-ATPases and they provide primary active transport. 
Extrusion of Ca* from the cytosol by this mechanism is supported by sec- 
ondary active transport through Na*-Ca* exchangers: transmembrane 
proteins that use the inward Na* electrochemical gradient across the 
plasma membrane to transport Ca* ions out of the cell. 

Changes in cytosol Ca** concentration are also resisted by resident, 
high-affinity Ca’*-binding-proteins, some of which may be confined to 
particular locations within the cytosolic compartment. All of them may 
act as buffers that tend to restrict local changes of Ca*, although their 
capacity is not high and the speed at which they take effect will depend on 
the binding kinetics. Within the ER, low-affinity Ca**-binding-proteins 
(Kp ~2 mmol/l) such as calreticulin, can retain up to 20 mol of Ca** per 
mol of protein, greatly increasing the capacity of this intracellular store. 

Over the long term, the coordination of these mechanisms underpins 
cellular Ca™ homeostasis. Passive inward leaks are balanced by the action 
of the Ca”*-ATPases which provide a low capacity extrusion pathway. Their 
rather high affinity (K, ~0.2 pmol/l) enables them to maintain low cytoso- 
lic Ca” in resting cells. During cell activation, cytosol Ca®* levels can rise 
considerably and the pumps and exchangers then operate to restore Ca” 
to its resting level. The plasma membrane Na*-—Ca** exchangers, present in 
most tissues and of particular importance in heart, are of low affinity 
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potential gradient The 
combined effect of the 
concentration and voltage 
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Ca**-sensitive photoproteins, 
extracted in their active 
form from marine 
invertebrates such as the 
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(K, = 0.5-1 pmol/l), but provide a high-capacity extrusion mechanism 
which enables them to fulfil this task. 


E Detecting changes in cytosol Ca? 


The early evidence underlying a role for Ca®* in cell activation was based 
mainly on the experience that some tissue responses are suppressed 
when Ca” is not provided, much as Locke and Ringer had demonstrated 
over 100 years ago. Others are seemingly unaffected because, as we now 
realize, the cells can call upon their own intracellular stores. Confirmation 
of a direct role for Ca% in cell activation required more direct means of 
controlling and sensing changes in its level in situ. 


M Using Ca?* ionophores to impose a rise in Ca?* 


The Ca” ionophores are lipid-soluble, membrane permeant ion carriers 
that are specific for Ca”*. They were originally isolated from cultures of 
Streptomyces and include the antibiotics A23187 (524 Da) and ionomycin 
(709 Da). They may be used to convey Ca® ions into cells and they have 
been applied to numerous preparations, particularly in the field of 
secretion. Among the observed effects were responses similar to those that 
follow biological stimulation, but without the involvement of receptor- 
associated mechanisms. This revealed a widespread involvement of Ca? in 
activation mechanisms, establishing it as a legitimate second messenger 
alongside cAMP. However, ionophores are blunt weapons and although 
they certainly enable the introduction of Ca, seemingly to induce biolog- 
ical responses, it is hard to exert control over the concentrations achieved. 


M Sensing changes in Ca?* concentration 


The modern approach relies on the principle of introducing an exogenous 
Ca**-sensing compound into the cytosolic compartments of living cells. 
This was first attempted in 1928, by injecting the dye alizarin sulphonate 
into an amoeba. Apparent evidence of a local increase in Ca** was obtained 
when a visible precipitate formed at the site of pseudopod formation." 
Unfortunately, it later emerged that alizarin is not specific for Ca’*. More 
unfortunately, the development of practical Ca* indicators suitable for use 
with mammalian cells took a further 50 years. In the meantime, intracellu- 
lar calcium levels were mostly investigated by measuring transmembrane 
fluxes of the radioisotope “Ca. It is possible to measure changes in total cell 
Ca** by this means, but impossible to determine how levels have changed 
within particular intracellular compartments, such as the cytosol. To make 
matters worse, the bulk of cell calcium is retained within organelles and 
there is very little in the cytosolic pool. 


Ca**-sensitive photoproteins 
Among the more colourful fauna of the oceans are luminescent jellyfish 
from which the Ca**-activated, light-emitting-protein aequorin can be 
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extracted.'* Aequorin was the first effective indicator for intracellular Ca”. 
Its molecular mass is 22 kDa and it cannot cross membranes, so its use 
was initially limited to larger cells into which it could easily be microin- 
jected. Once in the cytosol, an increase in free Ca% concentration causes 
the protein to release a pulse of light. Analysis of the time course of the 
emission can be used to follow changes in Ca* concentration (up to 100 
uM). In important early work, aequorin was used with preparations such 
as squid giant axon" and permeabilized skeletal muscle.'* These studies 
provided the first direct observations of so-called ‘Ca?* transients’, the 
biphasic rise and fall of cytosol Ca” following a stimulus. 


Fluorescent Ca?* indicators 

A major advance in Ca?* measurement came with the design by Roger 
Tsien of the first of a series of synthetic Ca**-indicators. The fluorescence 
of these compounds is sensitive to Ca?* concentration in the range 50 
nmol/l to 1 pmol/l. The first indicator to be developed was called 
Quin2.'* Its structure (Figure 7.3) is based on a Ca** chelator that resem- 
bles EGTA. Like EGTA, Quin2 has high affinity for Ca** and low affinity for 
Mg”. Because it is an anionic species, it cannot cross membranes and a 
trick is needed to deliver it to the cytosolic compartment without resort- 
ing to microinjection. This problem affects all Ca* indicators of this class 
and is overcome when they are provided to cells as uncharged ester deriv- 
atives. In this form they can diffuse freely across the plasma membrane. 
Upon entry, endogenous esterase activity releases the acidic form of the 
indicator, which then accumulates in the cytosol of the intact cells. 
Importantly, Quin2 and its successors paved the way towards the moni- 
toring and mapping of intracellular Ca% levels at high temporal and spa- 
tial resolution. 

For Quin2 and many of the other indicator dyes, the intensity of the 
fluorescent emission increases with Ca” concentration over a limited 
range, providing an uncalibrated estimate of the level of free cytosolic 
Ca’. Among the second generation of indicator dyes, Fura2 (Figure 7.4) 
exhibits wavelength shifts in its excitation spectrum when Ca” is bound. 
For this indicator the ratio of the fluorescence emission at two selected 
excitation wavelengths can provide a calibrated estimate of cytosol Ca** 
concentration. 

The major significance of these developments was that it became pos- 
sible, at last, to monitor intracellular Ca** in almost every kind of cell, large 
or small, simply by recording fluorescence. Initially, measurements were 
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Figure 7.3 Quinz2. 


cnidarians Aequorea'? and 
Obelia," undergo an internal 
molecular rearrangement 
activated by Ca”. The 
conformational change 
oxidizes a luminophoric 
prosthetic group, 
coelenterazine, emitting a 
flash of blue light. 


Recently, aequorin, 
expressed in mammalian 
cells, has enjoyed a revival. 
Recombinant DNA, 
incorporated in an 
expression vector, can be 
used to transfect cells so 
that they express their own 
calcium reporter. Targeting 
this to specific intracellular 
compartments and adjusting 
its Ca? affinity has enabled 
the detection of Ca? 
changes in particular 
organelles, for example 
mitochondria.!7 
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Figure 7.4 Molecular structure and fluorescence excitation of Fura2. The graph shows how the excitation 
spectrum of Fura2 varies with Ca? concentration. For example, if excitation occurs at 340 nmol/l (near the UV 
region), the intensity of emission (green fluorescence, measured here at 510 nmol/l) will increase with Ca?* as 
indicated. 
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Figure 7.5 Changes in the concentration of cytosol Ca”*: effect of extracellular 
Ca**. The traces show elevations of Ca?* in parotid acinar cells loaded with Fura2. 
Carbachol (1 mmol/l) was added at the time indicated by the arrow to cells incubated in 
a medium containing Ca?* (1 mmol/l) or without added Ca?* salts, but with the chelator 
EGTA to remove residual Ca?* ions ([Ca?*] < | nmol/l). Adapted from Nowak et al.?° 


performed on suspensions of isolated cells undergoing activation in a 
fluorimeter cuvette. In this situation, the recorded emission represents 
the sum of contributions from each cell in the light beam. Very soon, 
studies on a wide variety of electrically non-excitable cells revealed 
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characteristic response patterns as illustrated in Figure 7.5. Application of 
a stimulatory ligand typically produces a biphasic change, in which the 
concentration rises from the resting level (50-100 nmol/l) towards the 
micromolar range and then falls back to a level somewhat higher than 
the resting concentration. The transient phase of the signal is not affected 
when Ca” is removed from the external solution, so that its source must 
be Ca™ mobilized from internal stores. Its duration varies from seconds to 
minutes, depending on the type of cell. The residual component of the 
signal, on the other hand, is eliminated by removal of extracellular Ca” 
prior to stimulation. This must therefore require entry of Ca** into the cell 
across the plasma membrane (Figure 7.5). 

The problem with measurements (of any type) on cell suspensions is 
that the signal represents the summation of individual, unsynchronized 
contributions. We shall see that when Ca” indicator dyes are used with 
single cells, the time courses appear very different (for example see panel 
(a) of Figure 7.11). 


E Mechanisms that elevate cytosol Ca** concentration 


The evolution in eukaryotic cells of enzymes that are sensitive to changes 
in Ca** concentration was accompanied by the development of switch- 
able membrane channels, which allow the ion to flow down its con- 
centration gradient into the cytosolic compartment upon demand. The 
resultant rise in Ca?” concentration activates Ca**-sensitive enzymes that 
initiate a wide range of effects. These are discussed in Chapter 8. Although 
Ca?+-dependent processes take place in both prokaryotes and eukaryotes, 
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Figure 7.6 Activation of phospholipase C and the mobilization of Ca” from 
intracellular stores. Calcium mobilizing receptors are coupled through G, or G to 
PLCB (for details, see Chapter 5) which hydrolyses PI(4,5)P, releasing two products. DAG 
is retained in the membrane and activates protein kinase C. “The water-soluble IP, binds 
to ligand gated channels present in the membranes of intracellular Ca” stores in "the 
endoplasmic reticulum, releasing Ca’* into the cytosol. 


Ryanodine is a plant 
alkaloid that affects the 
release of Ca?" from the 
sarcoplasmic reticulum in 
muscle. It binds to ryanodine 
receptors with high affinity. 
At low concentrations the 
channel open probability is 
increased, at high 
concentrations (micromolar) 
it decreases. 


Sarcoplasmic reticulum 
The smooth endoplasmic 
reticulum of muscle cells. 
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it is only in eukaryotic cells that extensive use of Ca* as an intracellular 
signal has evolved. 

In the following sections, the mechanisms that elevate cytosol Ca?* will 
be described. In short, these involve its entry into the cell from the exte- 
rior and its release from Ca?*-storing organelles. Mobilization of intracel- 
lular Ca** most commonly follows a ligand-receptor interaction at the cell 
surface that leads to the activation of phospholipase C. This key intracel- 
lular enzyme is described in Chapter 5. It hydrolyses the phospholipid, 
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) to produce two second 
messengers, one of which is inositol trisphosphate (IP,) which triggers 
release of Ca** from the intracellular stores into the cytosol. When the 
stores become depleted, they are replenished from the extracellular Ca? 
pool by a mechanism that involves the opening of plasma membrane 
channels. 

In electrically excitable cells, Ca?* elevation following a depolarizing 
stimulus is generally more rapid and it is achieved by a different mecha- 
nism. This increase is initiated by the opening of voltage-dependent Ca’*- 
channels in the plasma membrane. Consequent entry of Ca” produces 
high concentrations in the immediate vicinity. This localized increase 
may itself then cause release of further quantities of the ion from intra- 
cellular stores in a regenerative manner. A more detailed description of 
these processes is now presented. 


M Two sources of Ca? 


Ca?* release from intracellular stores, IP, and ryanodine receptors 
Ca% release into the cytosolic compartment from the ER occurs through 
two families of structurally related ion channels, inositol trisphosphate 
receptors (IP,Rs) and ryanodine receptors (RyRs). 

IP,Rs are virtually universal, whereas RyRs, which were first identified in 
the sarcoplasmic reticulum (SR) of skeletal and cardiac muscle, are most 
evident in excitable cells. 

Three RyR isoforms are known. Type 1 RyRs occur in skeletal muscle, 
where they interact directly with the voltage-sensing subunits of the Ca” 
channel complex. This requires the close apposition of the sarcoplasmic 
reticulum and the plasma membrane (see page 182). In contrast, the 
type 2 RyRs that exist in cardiac muscle and some nerve cells, do not 
interact with plasma membrane Ca” channels in such a direct manner. A 
third isoform, type 3, is present in brain, muscle and some non-excitable 
cells. 

RyRs are very large. The chains of the type 1 RyR consist of some 5000 
amino acids organized in a complicated tetrameric arrangement (Figure 
7.7), only 20% of which is associated with channel activity. The remainder 
forms a prominent structure that extends into the cytoplasm and pos- 
sesses binding sites for a number of physiological modulators. These 
include Ca?*, ATP, calmodulin (described in Chapter 8) and FKBP12. (This 
12 kDa protein binds the immunosuppressive drug FK506 and is known 
as an immunophilin; see Figure 17.13, page 389.) It is not clear how these 
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Figure 7.7 Three-dimensional structure of the ryanodine receptor obtained 
by cryoelectron microscopy: (A) Three-dimensional reconstruction of the ryanodine 
receptor from skeletal muscle. Stereoscopic views of (a), the surface that faces the 
T-cubule; (b) chat facing the lumen of the SR; (c) a side view. The transmembrane part is 
pink and the cytoplasmic region is green. Instructions for viewing stereo images can be 
found on page 396. (B) A depiction of the receptor (cyan) indicating the locations of 
calmodulin (yellow) and FKBPI2 (magenta). The orange shading indicates regions likely 
to interact with dihydropyridine receptors. The scale bar is 10 nm. Adapted from 
Malenka et al.?! 


factors are coordinated to regulate channel activity, but FKBP12 is an 
integral part of the structure and it may interact with the protein phos- 
phatase calcineurin. The most important regulator of the channel is Ca** 
itself, and this is discussed below. 

IP,Rs are also tetramers and each of the component subunits possesses 
six transmembrane segments (Figure 7.8). There are three isoforms of the 
basic subunit, types 1 to 3. For all of these, both the N- and C-termini lie 
within the cytosol and the N-terminal chain, which bears the IP, binding 
site, is particularly large (over 2000 amino acids for type 1 IP,Rs). This 
cytosolic domain, like that of the RyRs, possesses a number of modulatory 
sites and Ca’ can also bind to the lumenal (ER) domain of the protein. 
Type 1 IP,Rs are present at high levels in cerebellar tissue, but apart 
from the CNS, nearly all mammalian cells express more than one iso- 
type. A complicating factor in the study of the characteristics of the 
different forms has been their propensity to assemble as hetero- as well as 
homotetramers. 

Both IP,Rs and RyRs are sensitive to local Ca* concentration, so that as 
cytosol Ca% increases, it induces further release from the stores. This is 
known as Ca**-induced Ca?*-release or CICR. As it proceeds it causes pos- 
itive feedback, and this underlies the regenerative character of many Ca’* 
signals. In a sense, the names of these channels are misleading. Both are 
Ca?*-induced Ca**-release channels, that are modulated by other factors. 
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Figure 7.8 IP, receptor calcium channel. 


The opening of the IP,R channels is modulated by IP, the binding of 
which increases the sensitivity of the channels to the surrounding Ca? 
concentration, so that Ca?*-induced Ca** release commences at resting 
cytosol Ca? levels. To prevent a runaway situation, which would lead 
ultimately to complete depletion of the stores, the Ca’*-sensitivity of both 
IP,Rs and RyRs then decreases as the concentration of Ca” rises, i.e. the 
channels begin to close again. The overall effect is that the dependence of 
channel open probability upon Ca concentration is bell-shaped (see 
Figure 7.15). The manner in which IP, modulates this relationship is dis- 
cussed below. 

Efforts to elucidate the physiological characteristics that distinguish the 
three types of IP,R have produced somewhat contradictory data, due to 
their relative inaccessibility (in the ER), sensitivity to the environment and 
heterogeneity (possible heterotetramers). The most direct measurements, 
involving electrophysiological studies of IP,R channels expressed in 
native membranes (albeit nuclear, rather than ER), indicate that all three 
isoforms have very similar gating and ion permeation characteristics.'® 
Any observed differences in their behaviour in intact cells must then be 
due to differences in the way they are modulated by intracellular factors 
(or perhaps to differences in their location). However, the modulatory 
mechanisms that cause the closure of IP,R and indeed RyR channels at 
high Ca” levels are not well understood. Both channel types are phos- 
phorylated by Ca?*/calmodulin-dependent kinase II (see Chapter 8) and 
both are dephosphorylated by the phosphatase calcineurin. (Like the 
RyRs, IP,Rs are also associated with the immunophilin FKB12.) There is 
evidence that different IP,R isoforms are affected differently by Ca’, 
calmodulin and phosphorylation and such mechanisms could modify the 
temporal and spatial characteristics of Ca** signals. 

Finally, the release of Ca% from intracellular stores may be even more 
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complicated than all this. The notion that cells contain only one type of 
store has been challenged by a number of findings, including the discov- 
ery that there are other potential messenger molecules that can release 
Ca**. These include the nucleotides cyclic ADP-ribose and nicotinic acid 
adenine dinucleotide phosphate. These are discussed below. 


Ca” influx through plasma membrane channels 
M  Voltage-operated channels 


In the context of activation there are a number of different pathways by 
which Ca” ions can enter cells from the exterior. Nerve and muscle cells 
possess a variety of cation channels that are sensitive to changes in the 
membrane potential. Some of these conduct Ca” and have roles in the 
initiation of action potentials, the control of excitability and the activation 
of exocytosis. Such voltage-operated calcium channels (VOCCs) open in 
response to a membrane depolarization and allow Ca** entry. They are 
transducers that convert an electrical signal into a second messenger 
(Ca*+) signal. VOCCs are distinguished electrophysiologically and phar- 
macologically into classes termed L, N, P/Q, R and T-type and they are 
tightly regulated. L-type channels are primarily modulated by phospho- 
rylation and N, P/Q and R-type channels are modulated by G-proteins. 

L-type Ca** channels are expressed by many vertebrate excitable cells 
and they are the major VOCCs of skeletal muscle. They are a target for 1,4- 
dihydropyridine drugs (such as nifedipine), which act as channel block- 
ers. The part of the channel complex that binds the drug is termed the 
dihydropyridine receptor (DHPR), although this term is often used to 
denote the whole channel. In vertebrate skeletal muscle, plasma mem- 
brane DHPRs and RyRs on the SR are in close apposition. Possible points 
of contact are shown in Figure 7.7. This occurs at the triad regions, where 
the terminal cisternae of the SR almost contact the T-tubules (see Figure 
8.8, page 183). Interaction between these proteins initiates the Ca’*- 
induced Ca?*-release that underlies excitation-contraction coupling (see 
page 182). 

VOCCs also play important roles at synapses. In the presynaptic neu- 
rone, they are situated close to the sites at which neurotransmitter- 
containing vesicles await the stimulus to undergo exocytosis. Membrane 
depolarization causes the entry of Ca”* ions that interact locally with (rel- 
atively) low affinity Ca**-binding proteins (see page 181). VOCCs are also 
found in certain endocrine cells, such as pituitary cells and pancreatic B 
cells, where elevated intracellular Ca‘ is also a trigger for secretion. Com- 
mon characteristics of Ca* entry through VOCCs are the speed, brevity 
and intensity of the observed Ca” transients. The rather low affinity of the 
sensor(s) is matched to the high concentrations of Ca** reached (up to 10 
umol/l or higher) and the limited spatial volume in which it is confined. 
Rapid dissipation may then follow, ensuring that the subsequent effects 
are local and transient. 


NMDA _ N-methyl-p- 
aspartic acid, a glutamate 
analogue that activates a 
sub-class of glutamate 
receptors. 


Mast cells are associated 
with the immune system. 
They secrete inflammatory 
mediators in response to an 
antigen challenge. If the 
antigen is also an allergen 
they can present a particular 
problem for allergic 
individuals. See page 288. 
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M Receptor-operated channels 


In some neuronal cells, non-specific ion channels in the plasma mem- 
brane may open as a consequence of activation and allow Ca** to enter. 
Glutamate receptors sensitive to NMDA are important post-synaptic ion 
channels, which mediate excitatory transmission at central synapses. 

In order for these channels to open, two conditions must be satisfied: 
they must bind glutamate and the membrane in which they reside must 
already be depolarized in order to remove a blocking Mg” ion.” This may 
be achieved by the simultaneous effects of two different neurotransmit- 
ters, one of which depolarizes the cell in preparation for the action of glu- 
tamate itself. Alternatively, a sustained release of glutamate from the 
pre-synaptic cell could provide both signals, by first activating AMPA 
receptors to depolarize the post-synaptic cell. The ability of NMDA recep- 
tors to act as coincidence detectors, coupled with other processes, gives 
them a role in the long-term potentiation of synaptic signalling.”"” 


E Store-operated channels 


The rapid transmission of signals between nerves and the fast responses 
of skeletal muscles, all of which depend on signalling through VOCCs, are 
essential for survival. For other types of tissue, there is often less urgency. 
In hormone-secreting cells, the changes in Ca** concentration may take 
the form of a series of oscillations that continue over a period of minutes 
(see Figure 7.12). In cells stimulated by growth factors or cytokines, there 
may be a need for a protracted period (hours) of Ca** elevation in order to 
ensure full commitment to a proliferative response.” Such demands pres- 
ent a problem since repetitive or sustained elevation of cytosol Ca** must 
lead to depletion of the Ca% stores. This is overcome by allowing extracel- 
lular Ca?* to enter through plasma membrane cation channels, called 
store-operated channels (SOCs). This allows the stores to be replenished 
and has been termed capacitative Ca** entry.” 

The mechanism that senses store depletion and couples it to the open- 
ing of plasma membrane channels is not well understood. There appears 
to be a close or even a direct interaction between the IP,R proteins in the 
ER and the SOCs, resembling the coupling between RyR1s and VOCCs”* as 
illustrated in Figure 7.9. 

Evidence for such interactions has been obtained from studies of the 
photoreceptor cells of the fruit fly Drosophila melanogaster. Adaptation to 
bright illumination requires the entry of Ca** ions to overcome store 
depletion.” In these cells, elements of the ER, close to the plasma mem- 
brane, possess a Ca** channel encoded by the trp gene (transient receptor 
potential). A presumably related channel has been characterized electro- 
physiologically in rodent mast cells, where an inward current is activated 
within about 10 s following store depletion. The channel is specific for 
Ca** and the current is termed J.,,.. (calcium release-activated calcium 
current).*' Ca** entry through Topaç channels is required for the activation 
of mast cells by antigens reactive at the receptors for immunoglobulin E 
(Chapter 12). 
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Figure 7.9 Coupling of ryanodine and IP, receptors to plasma membrane 
channels. Model suggesting that conformational changes in the IP,Rs (a) and RyRs 
(b) may be induced by direct interaction with plasma membrane channel proteins: 
store-operated channels (SOCs) in (a) and dihydropyridine receptors (DHPRs), in (b). 
Adapted from Hardie and Minke.”? 


Finally, mammalian homologues of Drosophila trp have been identified 
including the human form, Htrp. One isoform, Htrp3, is a non-specific 
cation channel that interacts directly with IP,Rs. 

Store-operated channel opening requires that the receptors should be 
occupied by IP, and that the stores should also be depleted.** How deple- 
tion is sensed remains unknown. A possibility is that it is detected by the 
IPRs, through their lumenal Ca* binding sites, and then signalled by a 
conformational change. 


M Elevation of Ca** by cyclic ADP-ribose, NAADP and sphingolipid metabolites 

IP, has a clear and firmly established role as the major intracellular Ca**- 
mobilizing messenger. There is evidence, however, of other messenger 
molecules that can also bring about the release of Ca% from stores. Two 
of these are nucleotides, cyclic ADP-ribose (cADPr) and nicotinic acid 
adenine dinucleotide phosphate (NAADP). Their structures are shown in 
Figure 7.10. Remarkably, each of these compounds is formed by the same 
enzyme, ADP-ribosyl cyclase, acting upon two different substrates, NAD* 
or NADP* respectively. 
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Figure 7.10 (a) Cyclic ADP-ribose (b) NAADP. 


M Cyclic ADP-ribose 


Experimentally, cADPr introduced into cells at concentrations in the 
region of 10-50 nmol/l has been found to modulate Ca**-induced Ca?*- 
release from a ryanodine-sensitive pool. Evidence for a biological role for 
cADPy exists for a number of mammalian cell types, but is strongest in sea 
urchin eggs, where it is an endogenous Ca” regulator, activated through a 
mechanism involving cGMP” Its effects are mediated by types 2 and 3 
RyR channels (but not type 1) and it is likely that the cADPr/RyR interac- 
tion is not direct, but requires an accessory protein. In the sea urchin egg, 
this appears to be calmodulin. 

In a number of different types of mammalian cell, there is evidence that 
the level of cADPr rises in response to an extracellular stimulus.**** For 
example, stimulation of T lymphocytes through their T-cell receptor com- 
plexes (see Chapter 12), activates ADP-ribosyl cyclase to produce a sus- 
tained elevation of the level of cADPr and a long-lasting Ca” signal (a 
series of oscillations and waves).*° Sustained Ca** elevations may be nec- 
essary for lymphocytes to become committed to a full proliferative 
response. 


M Nicotinic acid adenine dinucleotide phosphate 


We have seen that, in sea urchin eggs, the formation of cADPr from NAD+ 
is mediated by an increase in the level of cytosolic cGMP. This may occur 
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when guanylyl cyclase is activated by nitric oxide (see Chapter 8). The 
effect of cGMP is to activate a cytosolic form of ADP-ribosyl cyclase to 
produce cADPr. On the other hand, an elevation of the more familiar 
cyclic nucleotide, cAMP, causes a membrane-bound form of the enzyme 
to act upon NADP* to produce NAADP instead. This nucleotide has 
recently also been found to bring about the release of Ca” from intra- 
cellular stores and it does so at concentrations in the range 10-50 nmol/l 
(similar to cADPr, but compare with IP., Figure 7.15). 

The activity of NAADP has been studied in mammalian cells as well as 
in sea urchin eggs but, unlike cADPr, NAADP does not modulate Ca?*- 
induced Ca” release directly and it may have its own receptor. Import- 
antly, NAADP also differs from cADPr in that it is self-desensitizing. 
Application of subthreshold levels to sea urchin egg microsomes abro- 
gates a further response. It would seem therefore that its formation phys- 
iologically could be an initiating event, leading to the activation of 
Ca’*-induced Ca” release at neighbouring RyRs or IP,Rs. 

In some cells, NAADP-activated Ca” release is insensitive to inhibitors 
(heparin and ryanodine respectively) of release induced by IP, or cADPr. 
Moreover, the stores of Ca** accessed by NAADP (and cADPr) can be spa- 
tially distinct from those accessed by IP,. The nucleotide-based messen- 
gers tend to interact, at least initially, with cortical stores, while the 
IP,-sensitive stores are more widespread and may permeate the entire 
cytoplasm. A general picture emerges in which cells may use different 
Ca?+-mobilizing messengers to release Ca” from different reserves, to pro- 
duce and orchestrate a variety of responses. 


E Sphingolipid metabolites 


Another mechanism of Ca” mobilization and influx has been proposed 
that is quite independent of the products of phospholipase C and of the 
nucleotide messengers above. High affinity receptors for the constant 
region of certain immunoglobulins (FceRI in mast cells, FcyRI in 
macrophages) initiate their signalling through recruited tyrosine kinases 
(see Chapter 12). A consequence is the activation of phospholipase D to 
produce phosphatidate and this, in turn, activates sphingosine kinase. Its 
substrate, sphingosine, is a product of the breakdown of sphingomyelin 
and it is converted to sphingosine-1-phosphate (Figure 7.11). It has been 
proposed that this phosphorylated lipid acts as a Ca**-mobilizing second 
messenger in a number of cell types. There has, however, been some 
confusion and controversy in this matter, in part because sphingosine-1- 
phosphate can also bind to G-protein-coupled receptors that commun- 
icate with PLC.% 

Sphingosine kinase also has a role in the activation of Ca®* influx by 
store depletion. This is through the effect of sphingosine, which can influ- 
ence Ca” influx by inhibiting the opening of Irac channels (see above).*’ 
Activation of sphingosine kinase can remove this inhibition and allow 
Ca% entry. This would augment the overall Ca% signal and also help to 
replenish the stores. 


Signal Transduction 


COP LERLF> er, 
Cr, >— CH.OH 
N 
oO a ee e) 
ceramide 
OH 
0] 
CH, 3 cH, -0-80 Š 
j - en 
N lo) A 


sphingomyelin 
OH 9° om 
LUI Oe eo Oo Oe > eX, 
NH, 


sphingosine-1-phosphate 


Figure 7.11 Ceramide, sphingomyelin and sphingosine-|-phosphate. Note that 
the acyl chains of these sphingolipids tend to be fully saturated. 


Although new Ca**-mobilizing messengers are emerging, IP, is still the 
most widespread and important. 


E The pattern of cytosol Ca”* changes in single cells 
E Temporal aspects 


Ca**-sensing fluorescent dyes have been widely used to monitor the time- 
course of Ca* concentration changes in single cells under the fluorescence 
microscope. Following activation, the signals may appear as trains of sharp 
spikes or as a series of smooth oscillations (Figure 7.12). The periodicity, 
frequency and amplitude tend to vary with the strength of the stimulus.** 
Low concentrations, or brief exposure to an activating ligand may elicit 
short episodes of oscillations. These then die away and the concentration 
of Ca** reverts to the basal level. Stronger stimulation may evoke longer 
trains of waves that can merge to give a more persistent elevation. 


M Resolving the spatial detail 


Although ions are very mobile compared with molecular solutes, the spa- 
tial distribution of Ca? within the cytosol during activation is often far 
from uniform. As a consequence, the interpretation of fluorescence inten- 
sity recordings is hampered by the absence of corresponding spatial infor- 
mation. This is a particular problem with excitable cells. Here, the speed 
of response is important and processes such as neurotransmitter release 
at nerve terminals are highly localized events. A more detailed picture can 
be obtained by observing single cells with a fluorescence microscope. 
Commonly, digital images of Ca? indicator fluorescence are obtained 
using a confocal laser microscope. 
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Figure 7.12 Time course of Ca” concentration changes induced by histamine 
in a single vascular endothelial cell. The effect of different concentrations of 
histamine on [Ca?] in a single human endothelial cell in the presence of | mmol/| Ca”. 
The bars indicate the presence of histamine. Adapted from Jacob et al.3* 


To interpret these data in terms of intracellular Ca** levels, images are 
usually presented as intensity maps, using a pseudocolour display in 
which ‘warmer’ colours conventionally indicate higher Ca** levels. For 
example, Figure 7.13 shows the localized Ca” increases that occur in dif- 
ferent types of cell. 


M Miniature calcium release events and global cellular signals 


Digital imaging techniques have added considerable detail to our know- 
ledge of transient Ca** signals. In excitable cells, the initial increments of 
Ca** tend to be confined to regions, called microdomains, that lie close 
to the locations where action takes place, for example in the vicinity of 
the triad structures in skeletal muscle or near to exocytotic release sites 
in neurones. Under strong stimulation, the localized changes in Ca** 
merge to generate a global increase, that permeates the whole cytosolic 


By eliminating the 
out-of-focus contributions to 
the image from regions of 
the specimen lying above 
and below the image plane, 
confocal microscopy 
provides a picture of a 
selected slice through the 
specimen. The resolution and 
quality of such images are 
higher than those of a 
standard fluorescence 
microscope. Moreover, a set 
of such two-dimensional 
images, obtained by moving 
the plane of focus 
successively through the 
specimen, can be combined 
to give a three-dimensional 
image of cell fluorescence. 
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Figure 7.13 Pseudocolour images of Ca?” levels in cells activated by 
extracellular ligands and by plasma membrane depolarization: (a) Ca** changes 
visualized in a confluent layer of human endothelial cells following stimulation with 
histamine (1 pmol/l). The calibration, on the right, indicates intracellular Ca?* 
concentration. The map on the extreme right shows the individual cell boundaries. The 
time, in seconds, after histamine addition is indicated in each frame. There is a complex 
pattern of spatial and temporal changes in Ca** level within each cell. (Dye: Fura2.) 
Courtesy of Ron jacob.’ (b) Time course of Ca?* changes in a single chromaffin cell, 
following membrane depolarization. The cell is voltage clamped in the whole cell 
configuration (patch pipette not shown). Six fluorescence images of a cell were collected 
at fixed times after a series of depolarizations, using pulsed laser imaging. The colour- 
coded images in the top panel show the Ca?* concentration rising mostly in peripheral 
regions of the cell, especially on one edge (55 ms) and then falling. The bisecting line in 
each image indicates the region sampled to give the cross-sections shown beneath. (Dye: 
Rhod2.) Courtesy of Julio Hernandez and Jonathan Monck.?? 
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compartment. In non-excitable cells the response tends to take the form 
either of propagating waves or global changes in Ca** concentration. 
When these changes are visualized, a variety of optical phenomena may 
be observed. These range from punctate flashes, lasting tens of millisec- 
onds (muscle cells), to broad waves that spread within seconds across 
non-excitable cells. Examples are shown in Figure 7.14. Waves of Ca” can 
also pass from cell to cell through gap junctions. In both electrically 
excitable and non-excitable cells, cytoplasm that is permeated by ele- 
ments of the ER or SR, may form an ‘excitable medium’? in terms of its 
ability to release Ca?*. That is, once initiated, the process of Ca?*-induced 
Ca*'-release can produce an expanding, regenerative response. 


E Ca? signals in electrically excitable cells 


The generation of transient Ca” signals in skeletal muscle cells is thought 
to commence with localized Ca” release at individual complexes of dihy- 
dropyridine receptors with type 1 ryanodine receptors (DHPR-RyR1 com- 
plexes, 4 DHPRs and 1 RyR1). The regions of high cytosol Ca” then 
become more extensive as RyRs that are not coupled to DHPRs are 
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Figure 7.14 Examples of Ca?” waves in a megakaryocyte and in astrocytes in 
response to stimulation by soluble ligands: (a) Time courses of Ca? levels in cells 
preloaded with a Ca?*-sensitive fluorescent dye. Warmer colours indicate higher Ca? 
concentrations. (b) Activation of a single megakaryocyte in response to a collagen peptide 
(CRP). The increase in Ca? peaks at 50 s. This is followed by a sustained increase lasting 
up to 5 min (not shown). The extracellular Ca** concentration was 200 yM.The cell is 
approximately 40 um in diameter. From Melford et al.*' (b) Ca** waves in single astrocytes 
stimulated with ATP (20 mol/l) which activates purinergic receptors. From Michael 
Duchen.*? 


activated. The Ca*-sensitivity of RyRs, and also of (type 1) IP,Rs, is 
bell-shaped (Figure 7.15), so that more SR Ca* channels open as the con- 
centration rises above the resting level. They then close again when it 
approaches micromolar levels. The closure prevents the stores from 
emptying completely and it also sets a limit to the magnitude of the Ca” 
signal. 

Whether a membrane depolarization evokes a brief local transient (a 
‘spark’) or a global rise depends on the strength of the stimulus. In resting 
skeletal muscle cells, spontaneous sparks are observed and these may 
represent the opening of single type 1 RyR channels. The DHPR-RyR1 
complex could then be considered an ‘elementary unit’ of Ca” release. 
The frequency and size of the sparks is increased by plasma membrane 
depolarization as further units are recruited, leading ultimately to a global 
rise in Ca** concentration.” 

The situation in cardiac muscle is somewhat different. Here, the RyRs 
(type 2) are not directly coupled to DHPRs. Instead, the elementary unit 
appears to be a loosely associated combination of a DHPR with approxi- 
mately four RyR2s. The high Ca?+-conductance and longer open-times of 
the RyR2 channels, synchronized by the plasma membrane depolariza- 
tion, are then sufficient to cause a global Ca** elevation that effects rapid 
contraction throughout the cell. The initiation of contraction in striated 
muscle is considered in Chapter 8 (page 182). 


BM Calcium signals in non-excitable cells 


The Ca% release process in electrically non-excitable cells is generally 
slower than its counterpart in nerve and striated muscle. In part, this is 
because the IP,R channels release Ca* into the cytosol only after they 
have been sensitized by IP,. Also, the build-up of Ca** is slower because 
there is no equivalent of the depolarization signal that synchronizes Ca?* 
entry and its secondary release from the internal stores of excitable cells. 

Elementary or unitary Ca” release events are less conspicuous in non- 
excitable cells. It appears that a ‘unit of release’ may consist of one or more 
IP,Rs clustered together. Imaging of Ca** transients reveals phenomena 
that range from tiny ‘blips’ (possibly release from single IP,Rs), through 
more extensive ‘puffs’ (IP,R clusters), up to full-scale regenerative calcium 
waves, as neighbouring channels are successively recruited. These waves 
can propagate across the entire cytoplasm of a cell in a few seconds 
(Figure 7.14). 


Localization of intracellular second messengers 


Unlike other second messengers, the spatial and temporal fluctuations of 
Ca’ are amenable to measurement and they give the hint that similar 
localizations may underlie other signalling processes. The following chap- 
ter describes how some of these signals are translated into action. 
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E Graded responses and Ca’*-induced Ca?* release 


Many non-excitable cells exhibit responses that are graded according to 
the level of stimulation. Because cellular activation mechanisms charac- 
teristically involve amplifying enzyme cascades, the most sensitive con- 
trol points will lie early in the pathway, at the receptor or the second 
messenger level. In processes mediated by Ca’*, a low stimulus concen- 
tration can initiate release from intracellular stores in limited regions, 
generating isolated puffs or incomplete waves. As the concentration of 
the stimulus is increased, release occurs more extensively and ultimately 
the wave of Ca™ may pervade the entire cytosol, maximizing the cellular 
response. 

The problem is that a mechanism that relies solely on Ca?*-induced 
Ca’*-release should produce a maximal response, regardless of the degree 
of stimulation. A possible reason why this does not occur is because each 
elementary unit of Ca?*-induced Ca?*-release provides a quantal amount 
of Ca**. A graded response might then result from successive recruitment 
of such units, each in an all-or-none fashion, as the local IP, concentra- 
tion rises.** However, a closer look at the IP,-dependence of the Ca” sen- 
sitivity of IP,Rs suggests an alternative explanation. For example, the Ca” 
sensitivity of type 1 IP,Rs expressed in Xenopus eggs has been measured 
at different concentrations of IP,. In this setting, the relationship 
between the open probability of the release channel and Ca** concentra- 
tion is, as elsewhere, bell-shaped. At low levels of IP,, the probability 
peaks at pCa 7 (100 nmol/l, green line in Figure 7.15). However, as the 
level of IP, is increased (blue and red lines), the descending limb of the 
curve moves to the right and at the same time the maximum open prob- 
ability increases. Thus the amount of Ca* released into the cytosol 
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Figure 7.15 IP, and Ca?*-dependence of Type | IP, receptor channel open 
probability. This graph shows the open probability of IP, receptors in the outer 
membrane of nuclei of X. laevis oocytes. Adapted from Mak et al.“ 
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through a single channel can increase with IP, concentration and this 
may provide a basis for a graded response. 
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E Calcium binding by proteins 


The evidence of the previous chapter shows that Ca* is an important sec- 
ond messenger in signal transduction. Now we ask how its elevation 
within the cytosol can activate downstream pathways. Clearly, the first 
step must be the binding of Ca** to specific proteins which then carry the 
message forwards. However, the mere fact that a protein binds Ca” does 
not mean that it has to be involved in signalling. Proteins with the highest 
affinities will always be saturated even under resting conditions and an 
elevation in the concentration of Ca* cannot affect them. Those with dis- 
sociation constants above 0.1 uM will certainly bind more Ca” as its con- 
centration is elevated within the physiological range, but again, it does 
not necessarily follow that they will take part in signalling. Instead, their 
relative on and off rates may be important in shaping Ca% transients and 
their overall buffering capacity may help prevent excursions to very high 
concentrations. More interestingly, there are important signalling pro- 
teins that bind Ca* at regulatory sites and that can be activated by local or 
global increases in Ca** level. 


J Polypeptide modules that bind Ca’* 


Common Ca’*-binding sites on proteins include the EF-hand motif and 
the C2 domain. The structures of these are described in Chapter 18. The 
EF-hand motifs occur in pairs and a single motif may bind a single Ca% 
ion. However, their Ca?*-dissociation constants vary among the proteins 
in which they are situated, lying anywhere between 107 and 10° mol/l. 
The Ca**-dissociation constants of C2 domains also vary widely (10-10% 
mol/l). C2 domains and EF-hands with low Ca” affinity may represent 
components of systems that sense large elevations of Ca™ or which, 
through the course of evolution, have lost their ability to detect physio- 
logical changes in Ca”* concentration, for example the EF-hands of PLC 
(see Chapter 5). Inspection of the sequence databases reveals that close to 
100 known proteins possess C2 domains (Table 8.1). 

C2 domains and EF-hands are not the only sites at which Ca* ions may 
bind. For example, the annexins are a family of Ca?*-dependent, phos- 
pholipid-binding proteins that are located on the inner surface of the 
plasma membrane and are associated with the cytoskeleton. Ca% is 


Table 8.1! Examples of intracellular Ca? -binding proteins of vertebrate origin 


Protein 


Type Ca* -binding Probable function Special location 


domains 


uscle 


tory suDUNIT 


bound at loops in a structure termed the endonexin fold. Other Ca?*-bind- 
ing proteins that lack C2 domains and EF-hands may be found among 
the wide range of channels and ATPases that conduct Ca* ions across 
membranes. 


E Effects of elevated calcium 


Ca% can activate a wide range of Ca**-sensitive regulatory enzymes; a 
selection of these effectors and transducers is listed in Table 8.1. The 
waves and oscillations of Ca’* in a stimulated cell may activate specific 
downstream targets that respond within a particular range of Ca** con- 
centrations or that require periodic stimulation. For instance, transcrip- 
tion factors that control gene expression and that are activated through 
calcineurin (see below), respond not only at particular Ca™ concentra- 
tions, but also to particular oscillation frequencies.*” 

Because of the temporal fluctuations, the target proteins must be able 
to sense and respond to short-term or local increases in the concentration 
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of Ca” before it subsides back to the resting level. For signalling mech- 
anisms in which Ca” rises and falls rapidly, it is not only the stability con- 
stant of the binding that is important, but also the rate of the ‘on’ and ‘off’ 
reaction. The forward reaction requires the displacement of water mole- 
cules from the cation and these are removed one at a time. In general, if a 
multidentate coordinating ligand is to associate with or dissociate from a 
cation rapidly, then the ligand framework needs to be flexible. The evolu- 
tion of such sites in proteins has resulted in Ca**-activated regulatory 
enzymes that can bind and respond very rapidly to changes in Ca** con- 
centration. It is conceivable then, that temporally coded signals may be 
timed so that a key set of Ca”*-binding effectors with low effective off-rates 
keep their bound Ca” during a down-swing in its concentration, while 
those with high off-rates may lose it. 


J Calmodulin and troponin C 


Calmodulin 

Calmodulin and its isoform troponin C of skeletal muscle, represent the 
major Ca’*-sensing proteins in animal cells. Calmodulin itself is a highly 
conserved protein, present at significant levels in all eukaryotic cells. In 
mammalian brain it comprises about 1% of the total protein content. 
While the effects of cAMP are mostly conveyed through the regulatory 
subunit of protein kinase A (PKA), Ca*, through its interaction with 
calmodulin, can cause the activation of more than 100 different enzymes. 
PKA has multiple substrates, but the individual Ca-calmodulin activated 
enzymes tend to have a more restricted specificity and are not necessarily 
themselves Ca?*-sensitive (Figure 8.1). Either way the outcome is similar: 
each second messenger is linked to multiple targets. 

Calmodulin first came to light as the companion of cyclic nucleotide 
phosphodiesterase.°”’ It is an acidic protein of modest size (17 kDa), con- 
sisting of a single, predominantly helical polypeptide chain with four 
Ca**-binding EF-hands, two at each end (see Figure 8.3). The affinities of 
the individual Ca** binding sites are in the range 10-10 mol/l and adja- 
cent sites bind Ca** with positive cooperativity so that the attachment of 
the first Ca” ion enhances the affinity of its neighbour. This has the effect 
of making the protein sensitive to small changes in the concentration of 
Ca** within the signalling range. Ca**-calmodulin itself has no intrinsic 
catalytic activity. Its actions depend on its close association with a target 
enzyme, in some instances, as in phosphorylase kinase and calcineurin, 
acting as a permanent component of a multisubunit complex. In the 
absence of bound Ca” the central helix is shielded by the terminal helices 
and the protein is unable to interact with its targets (Figure 8.2). Binding 
of Ca” to the four sites induces a conformational change causing the ter- 
minal regions to expose hydrophobic surfaces and also exposing the cen- 
tral a-helical segment (Figure 8.3). Ca**-bound calmodulin binds to its 
targets with high affinity (K, ~10° mol/l). To form the bound state, the 
central residues of the link region unwind from their a-helical arrange- 
ment to form a hinge that allows the molecule to bend and wrap itself 


2 


ke 


Figure 8.2 Three- 
dimensional structure 
of Ca**-free 
calmodulin 
(apocalmodulin). Data 
source Icfd.pdb. 
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Figure 8.3 Three- 
dimensional structure 
of calmodulin with 
bound Ca” ions. Data 
source Icll.pdb.* 
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Figure 8.1 Multiple signal transduction pathways initiated by calmodulin. 
Calmodulin bound to Ca?* interacts and activates many enzymes, opening up a wide 
range of possible cellular responses. Abbreviations: MAP-2, microtubule associated 
protein-2; NO, nitric oxide; Tau, tubulin assembly unit. 


around the target protein. The N- and C-terminal regions approach each 
other and by their hydrophobic surfaces bind to it, rather like two hands 
holding a rope. This encourages an a-helical arrangement of the target 
sequence so that it that occupies the centre of a hydrophobic tunnel (Fig- 
ure 8.4). The consequence of this interaction is a conformational change 
in the target protein. This state persists only as long as the Ca** concen- 
tration remains high. When it falls, the bound Ca* dissociates and 
calmodulin is quickly released, inactivating the target. However, at least 
one important target protein is an exception to this rule. This is CaM- 
kinase II, which can remain in an active state once has been activated by 
calmodulin (see below). Selected calmodulin-binding proteins are now 
described. 


Troponin C 
Troponin C is effectively an isoform of calmodulin. It is present in striated 
muscle where it regulates the interaction between actin and myosin. Like 
calmodulin it possesses two pairs of Ca**-binding EF-hands located at 
opposite ends of a peptide chain. The affinities of these sites for Ca” lie 
between 10° and 10-’ mol/l. Its function is described below (page 182). 


a Ca?*/calmodulin-dependent kinases 


Within the class of enzymes controlled by calmodulin are the Ca**/ 
calmodulin-dependent kinases (CaM-kinases). These enzymes include 
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Figure 8.4 Structure of calmodulin bound to a peptide corresponding to the 
calmodulin-binding domain of smooth muscle myosin light chain kinase. Data 
source 2bbm.pdb.*” 


phosphorylase kinase, myosin light chain kinase (MLCK), which activates 
smooth muscle contraction, and the CaM-kinases I-IV. Each of these 
interacts with calmodulin to convert a Ca** signal into a phosphorylation 
signal. 


Multifunctional Ca?*/calmodulin activated protein kinases 

On the basis of in vitro phosphorylation assays, these enzymes have been 
termed multifunctional, suggesting that each member can phosphorylate 
a range of different physiological targets. Whether this multifunctionality, 
observed in vitro, extends to signalling events in vivo has been ques- 
tioned. However, the most prominent member of the family, CaM kinase 
II, is certainly a true broad-spectrum serine/threonine kinase. It is widely 
expressed, with particularly high levels in brain. On activation, it under- 
goes autophosphorylation and this is why it remains active (or 
‘autonomous’), even after the Ca” signal has been withdrawn. Eventu- 
ally the action of phosphatases terminates the process. This ‘latching’ 
behaviour is thought to underlie a role for CaM kinase II in learning 
and memory. 


Phosphorylase kinase and glycogen synthase kinase 

Phosphorylase kinase was the first protein kinase to be discovered.’ It is 
controlled by protein kinase A under B-adrenergic stimulation and it is 
also activated through the effect of Ca’* on calmodulin (Figure 8.5). 
Indeed, calmodulin itself comprises the 5-subunit of phosphorylase 
kinase." To reinforce the consequent glycogenolysis, glycogen synthesis is 
simultaneously inhibited through the action of Ca** and calmodulin on 
glycogen synthase kinase, which phosphorylates and inactivates glycogen 
synthase (Figure 8.5). These themes will be developed further in Chapters 
9 and 17, where we shall see that phosphorylase kinase is also activated by 
phosphorylation mediated by the second messenger cAMP. 


Signal Transduction: 


caimodculin 


phap ae Ler Phe 2 


phosphorylase b (S phosphorylase a— P 


glycogen glucose-1-phosphate 


= i : 


JDP-glucose 
P glycogen —— J 
synthase » ; 
tn EF 
Ca 


calmodulin 


Figure 8.5 Calmodulin and Ca?+ stimulate the breakdown of glycogen and 
inhibit its synthesis in skeletal muscle. 


ME Other Ca?*-calmodulin dependent enzymes 


Ca’*-calmodulin-sensitive adenylyl cyclase and phosphodiesterase 
Two contrasting themes are apparent in the expression of the signalling 
pathways initiated by Ca?* and cAMP. These two second messengers may 
either operate towards opposite outcomes or they may complement each 
other and act towards a similar goal. The activation of phosphorylase 
kinase through either PKA or Ca** is an example of such convergence. 
Ca**- and cAMP-mediated pathways may also be coordinated through 
Ca?*-calmodulin dependent isoforms of adenylyl cyclase (such as type I, a 
predominant isoform in brain: see Chapter 5). Thus a rise in Ca** can 
strongly promote the formation of cAMP Following this, cyclic nucleotide 
phosphodiesterase, which breaks down cAMP to 5’-AMP (and cyclic GMP 
to 5'-GMP), is also activated by Ca**-calmodulin. Therefore in brain, Ca?* 
entering a nerve cell may first act to generate cAMP and then, as cytoso- 
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lic calmodulin-dependent phosphodiesterase becomes activated, break it 
down. The overall effect is a brief pulse of cAMP. 


Calcineurin 

Calcineurin is a calmodulin-dependent Ser/Thr phosphatase. It exists as 
a heterodimer in mammalian cells and it has a number of targets (Figure 
8.6). The catalytic subunit, calcineurin A, is also familiar as protein phos- 
phatase 2B (see Chapter 17). The regulatory subunit, calcineurin B, 
possesses four EF-hands and binds Ca?* with high affinity, but Ca?- 
calmodulin is still required as an additional regulatory subunit for the 
activation of phosphatase activity. 

The immunosuppressive drugs cyclosporin and FK506, which are used 
to prevent organ rejection after transplant surgery, bind to cytosolic 
immunophilins (cyclophilin and FKBP12 respectively) and inhibit the 
action of calcineurin. In this way, they prevent the activation of T lym- 
phocytes as discussed in Chapter 17. Note, however, that immunophilins 
are not restricted to cells of the immune system. They are abundant in 
other cells as components of ryanodine and IP, receptor complexes (see 
Chapter 7). In nerves, they also influence neuronal growth and repair.” In 
this context, their actions are also calmodulin-dependent, but they do not 
require elevated Ca* nor is calcineurin implicated in their function. 


Nitric oxide synthase 
One of the more surprising discoveries of the last decade has been that 
nitric oxide (NO), familiar as a noxious gas, has an important role as an 
intercellular messenger. Nitric oxide was first perceived as endothelium- 
derived relaxing factor (EDRF) in the vascular system.! It is formed by the 
oxidation of L-arginine by the haem protein, nitric oxide synthase (NOS). 
There are three members of the NOS family: the membrane-bound 
endothelial enzyme called eNOS (or NOS IID, a soluble enzyme first 


Figure 8.6 Stereo diagram of the structure of the calcineurin heterodimer. 
The regulatory subunit, calcineurin B (cyan chains), resembles calmodulin with EF-hand 
binding sites for four Ca** ions (grey spheres). The catalytic subunit, calcineurin A or 
protein phosphatase 2B (blue chains) contains a Zn” (lilac) and an Fe** ion (purple) at 
the active site, where the target phosphate is bound. A molecule of calmodulin also 
forms part of the complex, but is not shown here. Instructions for viewing stereo-images 
can be found on page 396. Data source: | tc0.pdb.* 


characterized in brain called nNOS (or NOS J) and in macrophages a 
cytokine-inducible form called iNOS (or NOS II). nNOS is most apparent 
in nerve and skeletal muscle, though not restricted to these cell types. 
eNOS is also found in a wide variety of cells. Both eNOS and nNOS are 
Ca?*/calmodulin-dependent enzymes and produce NO in response to a 
rise in cytosol Ca’. By contrast, the transcriptionally regulated iNOS 
binds calmodulin at resting Ca* levels and is constitutively active. It has 
high output and, for example in macrophages, it can remain activated for 
many hours, maximizing the cytotoxic damage that these cells can inflict. 

NO is by no means a classical messenger molecule. It diffuses rapidly in 
solution and, because it is short-lived in vivo, it has mostly short range 
(paracrine) effects.'* It can readily cross cell membranes to reach neigh- 
bouring cells and these can be activated without the need for plasma mem- 
brane receptors. A wide range of cells are affected by NO. For example, as 
mentioned above, it isa potent smooth muscle relaxant, not only in the vas- 
culature, but also in the bronchioles, gut and genito-urinary tract. In intes- 
tinal tissue, nNOS in varicosities of myenteric neurones is activated by an 
influx of Ca’*. The NO formed diffuses into neighbouring smooth muscle 
cells, where at nanomolar concentrations it activates a soluble guanylyl 
cyclase (also a haemprotein) that forms cyclic GMP!*'® This then activates 
cGMP-dependent kinase I (G kinase) which brings about relaxation by 
interacting with the mechanisms that regulate the cytosol Ca”, essentially 
keeping it low.'’ In the cardiovascular system, eNOS in endothelial cells 
responds to Ca* in a similar way, to relax vascular smooth muscle and 
reduce blood pressure.'*'® (Note: as well as stimulating vasodilatory 
responses, NO has a homeostatic role in the regulation of vascular tone.) 

In the central nervous system, nNOS is tethered close to NMDA-type 
glutamate receptors (mentioned in Chapters 3 and 7) so that it can 
respond to the transient, but intense increases in Ca** concentration that 
occur in the vicinity of the open channels.” The NO that is formed has the 
potential of acting as either an anterograde or retrograde messenger.” 
Because of its diffusibility, it may also influence other cells in the vicinity 
such as glial cells. All this may have implications for synaptic plasticity 
(the modulation of synaptic potency).” 

An important downstream consequence of NOS activation is the effect 
of NO on cellular Ca** homeostasis.” Many of the effects of NO are medi- 
ated by cGMP and the consequent activation of G kinase. This can phos- 
phorylate and inactivate PLC and IP, receptors,“ and modulate SOCs.” It 
also inhibits Ca% release from intracellular stores in a variety of cells”® (but 
not endothelial cells or liver). Finally, in sea urchin eggs the generation of 
cyclic ADP-ribose (see Chapter 7), an activator of ryanodine receptors in 
these cells, is cGMP-dependent.” How these actions are coordinated in 
the control of Ca* concentration is not fully understood. 


E Calcium-dependent enzymes that are not regulated by calmodulin 


Calmodulin is a key Ca™ sensor and mediator of intracellular enzymes 
that are not in themselves Ca**-binding proteins, but there are also many 


Calcium Signalling 


enzymes that can respond to changes in Ca** directly. To fulfil this func- 
tion, they must possess high-affinity binding sites and these may be in the 
form of EF-hand motifs, C2 domains or other structures. Yet other cellular 
Ca’*-binding proteins serve as Ca** buffers within the cytosol (high- 
affinity binding) and within the lumen of the endoplasmic reticulum 
(low-affinity binding) where they increase its storage capacity. We con- 
sider some specific examples. 


Calpain 

Calpain is a member of a widely distributed family of cytosolic, Ca’*- 
activated cysteine proteases, possessing EF-hand sites.” It cleaves a wide 
range of intracellular proteins modifying their functions, often destruc- 
tively. It operates in cell death pathways and is involved in neurodegener- 
ation and apoptosis. It also degrades cytoskeletal and other proteins in 
the vicinity of the plasma membrane and is thought to be involved in 
processes where remodelling of the cytoskeleton takes place. 

Although selective, the effects of this neutral protease are mostly irre- 
versible, which is perhaps one reason why cells do not permit Ca** levels 
to remain high for a prolonged period. To make additionally sure, calpain 
is also held in check by calpastatin.”* This not only inhibits its activity, but 
also prevents it from binding to membranes. 


Synaptotagmin 
In neurones and in many types of endocrine cell, the release of a neuro- 
transmitter or hormone by exocytosis is activated by an increase in intra- 
cellular Ca?*. 

This event is mediated by a Ca”*-sensitive protein (or proteins). Among 
the numerous proteins that are evident on the surface of secretory vesi- 
cles and secretory granules is synaptotagmin.***° This is a highly con- 
served transmembrane protein having two C2 domains in its cytosolic 
chain and it is thought to be the Ca** sensor for exocytosis. Indeed it has 
been shown to bind Ca” ions at physiological concentrations. This is dis- 
cussed further below. 


DAG kinase 

The hydrophobic second messenger diacylglycerol (DAG) formed by the 
phospholipases PLC and (indirectly by) PLD (see Chapter 5) is the activa- 
tor of protein kinase C (PKC, see Chapter 9). It is short-lived because it is 
rapidly phosphorylated to form phosphatidate by diacylglycerol kinase 
(DGK). This reaction is part of the cycle that regenerates phosphatidyl- 
inositol and since it removes DAG, it acts to terminate the activation of 
PKC (Figure 8.7). Of the eight known isoforms of DGK, a, B and y possess 
EF-hand motifs and are Ca?*-dependent.*? 


Recoverin 
Recoverin is a Ca* sensor important in vision. It takes its name because it 
promotes recovery of the dark state. As described in Chapter 6, Ca?*-bound 
recoverin inhibits rhodopsin kinase and so regulates the phosphorylation 
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Figure 8.7 The reactions of the inositol lipid cycle: diacylglycerol kinase terminates PKC activation: (a) 
The enzymes are as follows: |, phospholipase C; 2, diacylglycerol kinase; 3, CDP-diacylglycerol synthase; 
4, phosphatidylinositol synthase; 5, phosphatidylinositol kinases. (b) The structures of diacylglycerol and phosphatidate. 


state of the vertebrate photoreceptor, rhodopsin. Recoverin operates as a 
Ca**-myristoyl switch.” Of the four EF-hands, only two bind Ca* and the 
presence of a myristoyl group at the N-terminus promotes cooperative 
Ca** binding at the two sites (apparent K, = 17 pmol/I). A model for the 
operation of the switch proposes that recoverin can exist in two states, 
one in which the hydrophobic myristoyl group is sequestered within the 
protein and the other in which it is extruded.**4 Ca* binds ~10000 times 
more tightly to the latter form and the exposure of the myristoyl group 
enables it to bind to the retinal disc membrane, where it extends the life- 
time of photo-excited rhodopsin (see Chapter 6). 


Cytoskeletal proteins 

Cytoskeletal proteins are responsible for the maintenance of cell shape 
and for motile functions. Almost every form of cellular activation is either 
preceded, accompanied or followed by a rearrangement of at least part of 
the cytoskeleton. Such a change can be an essential or even defining com- 
ponent of the cellular response. In non-muscle cells, the cytoskeletal 
arrangement of microfilaments (F-actin) is controlled by a large array of 
proteins, some of which bind actin.* Some of these, for example a-actinin 
and gelsolin, are sensitive to the concentration of cytosol Ca**. These pro- 
teins have various effects on the cytoskeleton. a-actinin is a cross-linker, 
whereas gelsolin is a Ca’*-regulated actin-severing (and capping) protein. 
However, the cross-linking action of a-actinin (which has two EF-hands) 
is inhibited by Ca** and its consequent removal from F-actin allows access 
for gelsolin. 
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E Paradigms of calcium signalling 
™ Triggering neurotransmitter secretion 


In the animal kingdom, in a world of predators and prey, the speedy trans- 
mission of neural signals is crucial. The exchange of information between 
nerve cells (and between nerve and muscle) involves the release, by exo- 
cytosis, of neurotransmitter substances at synapses. Ca? plays a critical 
role in mediating this process. Highly localized voltage-sensitive channels 
in the plasma membrane of the presynaptic cell admit Ca’* directly into 
the active zone. Here secretory vesicles containing neurotransmitter are 
located, primed to undergo exocytosis. Secretion is triggered rapidly. After 
channel opening, it can occur in less than a millisecond. Within the presy- 
naptic cell, the sites of exocytosis lie on average only 50 nm from the Ca** 
channels and the concentration of Ca% in this confined region may rise as 
high as 0.1 mmol/l, but cytosolic Ca% buffers and transport mechanisms 
prevent a widespread Ca” increase, ensuring that its action is local and 
transient. The resting level is resumed within a few tens of milliseconds. 

The mechanism by which the brief elevation of Ca** leads to the fusion 
of the membrane of the synaptic vesicle with the plasma membrane is 
incompletely understood, but it clearly involves one or more Ca”*-sensing 
proteins, having rather low affinity coupled with fast binding kinetics. The 
speed of binding is demonstrated by the inability of the chelator EGTA to 
inhibit secretion, when injected into the presynaptic cell to prevent a rise 
in Ca* concentration.’ EGTA has a relatively slow forward rate of binding, 
presumably less than that of the intracellular Ca” sensor. The identity of 
this protein (or proteins) has not been finally established, but a candidate 
for the task is synaptotagmin I, a transmembrane protein of synaptic vesi- 
cles. Its single cytosolic chain consists of two consecutive C2 domains, 
C2A and C2B, linked by a short sequence. The C2A domain binds to acidic 
phospholipids in a Ca**-dependent manner” and this may help the pro- 
tein to become tethered to the plasma membrane (see Chapter 18, page 
402). The C2B domain tends to self-associate when Ca” is elevated, so 
that synaptotagmin may form oligomeric structures. 

To add to this complexity, synaptotagmin associates with components 
of the so-called SNARE complex of proteins in Ca’*-dependent secretory 
cells (reviewed by Brunger**). This intricate array of vesicle, plasma mem- 
brane and cytosolic proteins forms tightly bound complexes that, it is 
thought, may draw the vesicle and plasma membranes together to enable 
them to fuse to form the pore that initiates exocytosis. Self-associating 
molecules of synaptotagmin might contribute to this scaffold (or they 
may even act independently). At any rate, it is only when Ca** binds to 
synaptotagmin (synaptotagmin I in nerve cells), that fusion of the two 
membranes to form the initial fusion pore that precedes exocytosis 
occurs. In support of this, the C2A domain of synaptotagmin also binds to 
syntaxin and the C2B domain to SNAP25 (both plasma membrane SNARE 
proteins) and, interestingly, the phospholipids that bind most strongly to 
both C2 domains are the polyphosphoinositides, PI-4,5-P, and PI-3,4,5- 
P,. All this provides the elements of a system for linking protein chains to 
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membrane surfaces and to each other in a Ca**-dependent manner, but 
how it works and if the mechanism is universal is far from clear. To com- 
plicate matters, there are at least 13 isoforms of synaptotagmin, many of 
which are not Ca** sensitive. Furthermore, there are types of secretory cell 
that can be triggered to undergo exocytosis in the effective absence of Ca**. 


™ Initiation of contraction in striated muscle 


The contraction of all types of muscle depends on an increase in intracel- 
lular Ca*. In vertebrate striated muscle, rapid mechanisms have evolved 
that are mediated by transient increases in cytosol Ca’. The operating 
units are complexes of three different membrane proteins, two on the 
plasma membrane and one on the membrane of the sarcoplasmic reticu- 
lum (SR). At the skeletal muscle plasma membrane (sometimes called the 
sarcolemma) nicotinic acetylcholine receptors are closely associated with 
the Ca** channels that are voltage-gated. The third protein in the complex 
is a ryanodine receptor (RyR). This is resident on the membrane of the SR 
which is very close to the plasma membrane in the vicinity of the T- 
tubules, in characteristic structures called junctional triads. The ryan- 
odine receptors are visible in electron micrographs of triads as so-called 
‘junctional feet’ (Figure 8.8). 

When the released acetylcholine binds to nicotinic receptors on the 
muscle endplate, the integral, non-selective cation channels open, the 
membrane depolarizes and the change in potential causes voltage- 
operated Ca™ channels (VOCCs) to open. These admit Ca** into the 
immediate vicinity of the RyR and, although this may bring about the 
release of Ca** from the SR by Ca*-induced Ca” release (CICR), there 
seems to be a direct interaction between the type 1 RyRs and part of the 
neighbouring VOCC, the dihydropyridine receptor (DHPR). The result is 
substantial Ca** release from the SR (figure 7.9) and a steep rise in 
cytosolic Ca% concentration in the close vicinity of the contractile 
machinery. This tight localization ensures a rapid response and has the 
further advantage that the resting state can be rapidly resumed, since 
only a small quantity of Ca** ions have to be removed. Heart muscle pos- 
sesses type 2 RyRs and lack direct coupling between VOCCs and RyRs, so 
that Ca’*-induced Ca” release is the predominant mechanism of Ca” 
mobilization. 

Within each skeletal muscle cell, the contractile machinery of actin and 
myosin filaments is controlled by the proteins tropomyosin and troponin. 
The attachment of myosin heads to actin, which causes contraction, is 
prevented by the presence of threads of tropomyosin organized on the 
surface of the actin filaments. Troponin, a complex of three subunits, I, T 
and C, is distributed at intervals along the actin filaments and it acts to 
mediate the effects of Ca?*. When elevated, Ca” binds to troponin C, initi- 
ating conformational changes in the troponin complex so that the inhibi- 
tion of the myosin ATPase activity is lifted. This allows contraction to 
occur. As the concentration of Ca™ returns to the resting level, inhibition 
by tropomyosin is re-established and contraction ceases. Troponin C, 
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Figure 8.8 Triad junctions and junctional feet. Electron micrographs of longitudinal sections of striated 
swimbladder muscle from the toad fish (Opsanus tau). Orthogonal sections cut perpendicular and parallel to the 
T-tubule axis are shown and the junctional ‘feet’, which are ryanodine receptors, are indicated. Micrographs courtesy 
of Clara Franzini-Armstrong.*? 


which has a structure that closely resembles calmodulin, possesses four 
EF-hand Ca” binding sites, two in the C-terminal ‘structural’ lobe, that 
are of high affinity (K,~10~ mol/l), and two in the N-terminal or ‘regula- 
tory’ lobe of low affinity (K, ~10° mol/l). (The C-terminal sites can bind 
Ca?* or Mg**.) Figure 8.9 shows the structure of troponin C with two Ca? 
ions bound and in association with a fragment of troponin I (residues 
1-47). When the concentration of Ca** rises, it binds to the low affinity N- 
terminal sites and a conformational change occurs that strengthens the 
association with troponin C, ,.. It also interacts with a regulatory segment 
of troponin I (96-127) which leads to the lifting of the inhibition of cor 
traction by tropomyosin.” 

The speed with which these events occur can be very fast. For example, 
the muscles that surround the swimbladder of the toadfish can twitch at 
frequencies in excess of 100 Hz, enabling it to emit a characteristic ‘boat- 
whistle’ sound. Humming birds flap their wings at about 80 times per sec- 
ond, but this can rise to 200 in courtship flight. A failure to clear Ca” 
between successive stimuli (depolarizations) will cause a steady contrac- 
tion (tetanus). The achievement of such high frequency contractions 
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Figure 8.9 Troponin C interacts directly with troponin I. Stereoscopic view of 
the three-dimensional structure of troponin C interacting with a fragment (1—47) of 
troponin | (purple helix). Although structurally similar to calmodulin, the two C-terminal 
Ca?* binding sites of troponin C are occupied (grey spheres) at resting Ca? 
concentrations and the molecule adopts a compact structure that forms hydrophobic 


contacts with troponin l, When the Ca’* binding sites in the N-terminal region 
become occupied, further interactions take place with troponin |,_,, and also with 


troponin l, 3y (not shown). 


without fusion requires both fast generation and the fast removal of Ca’. 
The transience of the individual Ca? signals then calls for particularly 
rapid on and off rates of Ca** binding to troponin C. 


I Smooth muscle contraction 


Compared with skeletal and cardiac muscle, smooth muscle contraction is 
a slow process. The enormous variability that exists between different 
smooth muscle cells makes it difficult to draw general conclusions con- 
cerning their calcium signalling mechanisms. They use both depolariza- 
tion-dependent and agonist-dependent mechanisms.’ Some smooth 
muscle cells in arteries and veins, display a mechanism similar to that in 
the heart where entry of calcium through VOCCs is further amplified by 
Ca?+-induced Ca” release from internal stores.*?“* In contrast to cardiac 
cells, however, these smooth muscle cells operate alow gain mechanism so 
that the entry of external calcium contributes a larger proportion of the 
global calcium signal. In addition to this depolarization-dependent mech- 
anism, many smooth muscle cells also employ an agonist-dependent 
process which uses IP, to release calcium from internal stores.“ Calcium 
signals are generated by both IP,Rs and RyRs and there are indications that 
these two release channels might cooperate with each other in some 
smooth muscle cells. In smooth muscle there is no troponin. The contrac- 
tion of actomyosin is achieved through the phosphorylation of the P chain 
of myosin by myosin light chain kinase (MLCK) and this is activated 
through an interaction with calmodulin and elevated Ca?*. Note: calmod- 
ulin-dependent kinase also phosphorylates MLCK in skeletal muscle but 
here it does not cause contraction. Instead it appears to affect the force of 
contraction. 
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E Adrenergic control of contraction in the heart 


™ Interaction of signalling pathways in cardiac myocytes 
The mammalian fight or flight reaction includes stimulation of the heart 
through B-adrenergic receptors. Catecholamines acting at B, and B, recep- 
tors bring about an elevation of cAMP and activation of PKA to phospho- 
rylate VOCCs. This leads to greater Ca?* entry and a consequent increase 
in the force of contraction during systole. Relaxation (diastole) is equally 
important and efficient clearance of the accumulated Ca” in the cytosol 
requires efficient pumping by the Ca*+-ATPases. 

Another protein that is phosphorylated by PKA following the stimula- 
tion of B-receptors is the SR membrane protein phospholamban. In its 
phosphorylated form its inhibition of the SR Ca**-ATPase is lifted. This has 
the effect of increasing the rate of relaxation by enhancing the rate of 
removal of Ca* from the cytosol. Failure to remove Ca** efficiently, for 
example as a result of defective Ca**-ATPases or associated proteins such 
as phospholamban, can lead to heart failure. 
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E Protein phosphorylation as a switch in cellular 
functioning 


The first indications that protein phosphorylation might be an important 
regulator of enzyme activities emerged at a time when the regulatory roles 
of non-covalent interactions of various substances (substrates, co-factors, 
end products, etc.) were already well established. In particular, the 
allosteric influence of end products, interacting with regulatory subunits 
of multi-subunit enzymes, provides precise control over metabolic path- 
ways made up of many steps. The regulation of the activation state of 
phosphorylase (see below) by 5’-AMP (positive) and glucose-6-phosphate 
(negative) is a pertinent example. Although neither of these metabolites 
takes part in the reaction catalysed by phosphorylase, the presence of 
G-6-P indicates metabolic sufficiency whereas 5’-AMP indicates hunger. 
Both can be described as allosteric effectors. Then it emerged that the 
addition of a single phosphate group to phosphorylase b also switches the 
enzyme between inactive and active states (Figure 9.1).' Thus, in addition 
to allosteric influences, covalent modification by phosphorylation (and 
dephosphorylation) also affects enzyme activity. Although these two reg- 
ulatory processes operate through similar conformational changes, phos- 
phorylation is primarily a response to extracellular influences expressed 
through hormone receptors, while allosteric effectors allow the system to 
respond to intracellular conditions. 

The importance of phosphorylation is underlined by the fact that the 
genome of the budding yeast Saccharomyces pombe specifies more than 
120 different protein kinases.’ And this is only yeast! It is predicted that 
the human genome will specify more than 1000. One in three cytoplasmic 
proteins contains covalently bound phosphate. Phosphorylation modifies 
proteins by the addition of negatively charged groups to serines, thre- 
onines and, less commonly, tyrosines. These neutral hydroxy amino acid 
residues are typically exposed on surfaces and often in the interfaces 
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Figure 9.1 Regulation of phosphorylase through phosphorylation and by the 
action of allosteric effectors. The figure represents the catalytically inactive (T} and 
active (R) conformations of the enzyme. The phosphorylated form (phosphorylase a) 
favours the relaxed conformation but, except under conditions of starvation (signalled by 
the presence of 5’-AMP), phosphorylase b tends to the inactive T conformation. In 
general, the activity of phosphorylase is determined by its phosphorylation status. The 
letters T and R, indicating tense and relaxed, refer to the alternative quarternary 
structures of allosteric enzymes.? This terminology was originally applied in the analysis of 
oxygen binding to the constrained low-affinity deoxyhaemoglobin and the more open 
high-affinity oxyhaemoglobin (having lost eight salt bridges). 


between the subunits of regulatory proteins. Phosphorylation alters the 
chemical properties of proteins substantially. As a result, a protein may 
then recognize, bind, activate, deactivate, phosphorylate or dephospho- 
rylate its substrate. Phosphorylation can switch enzymes on and it can 
switch them off. 

Things can go badly wrong when the balance of phosphorylation and 
dephosphorylation is disturbed. An example is the explosive diarrhoea 
due to the inhibition of protein phosphatases, by toxins present in 
infected shellfish (okadaic acid). The reverse is grim as, for example, the 
consequences of uncontrolled stripping of phosphate groups, which 
occurs in cells affected by the virulence factor of Yersinia pestis (the agent 
of bubonic plague, still a major killer in some parts of the world). This fac- 
tor is a protein tyrosine phosphatase.** The prospects are quite as bad 
when tyrosine kinases become constitutively activated (oncogenic muta- 
tions, Chapters 11 and 12). On a happier note, however, a number of 
important therapeutic procedures, especially in the fields of tumour sup- 
pression, immunosuppression and inflammation, are based on drugs 
which either promote or suppress phosphorylation reactions. For exam- 
ple, cyclosporin, used as an immunosuppressive agent, interacts with cal- 
cineurin, a subunit of which is protein phosphatase 2B (see Chapter 17). 


Phosphorylation and Dephosphorylation: Protein Kinases A and C 


E cAMP and the amplification of signals 


Most, but not all of the signals conveyed by cAMP are mediated through 
phosphorylation reactions catalysed by the protein kinases A (PKA). Fol- 
lowing stimulation, for example, of B-adrenergic receptors on liver cells by 
adrenaline, at concentrations around 107 mol/l, the intracellular con- 
centration of cAMP increases to about 1 umol/I. As a rule of thumb, such 
‘typical’ receptors are present at a density of about 10° per cell and, in gen- 
eral, only a small proportion of these need to be occupied or activated to 
maximize the response (see Chapter 2). This small signal can activate a 
great deal more of the enzyme glycogen phosphorylase (100 pmol/l) and 
this liberates enormous quantities of glucose into the bloodstream. 
Intermediate amplification of the signal provided by cAMP is provided 
through two rounds of protein phosphorylation. The first of these is cata- 
lysed by the cAMP-dependent protein kinase (protein kinase A, PKA). This 
phosphorylates and activates phosphorylase kinase, which in turn phos- 
phorylates and activates glycogen phosphorylase (Figure 9.2). During 
exercise or under conditions of starvation, the elevated level of 5'-AMP acts 
as an allosteric signal for the activation of phosphorylase bregardless of its 
state of phosphorylation. Thus, phosphorylation of the enzyme and its 
activated state are not synonymous. However, it is fair to say that phospho- 
rylase bis generally inactive and that phosphorylase a is generally active. 
On the other hand, if there is no need to break down glycogen, then why do 
so? Under resting conditions, the catalytic activity of phosphorylase b is 
suppressed by the presence of glucose-6-phosphate and ATP (which com- 
petes at the binding site for 5'-AMP) (Figure 9.1). In effect, an elevated level 
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Figure 9.2 Control of glycogen breakdown: the main plan. The figure illustrates 
the effect of a receptor activating PKA and the phosphorylation of phosphorylase (active) 
and glycogen synthase (inactive). 


In general, the concentration 
of ATP is unaffected even 
after prolonged periods of 
acute exercise or starvation 
but the level of 5'-AMP is 
elevated as the cell attempts 
to maintain its level of ATP 
by transphosphorylation of 
ADP in the reaction 
catalysed by myokinase: 
2ADP = ATP + AMP. 


of 5 '-AMP indicates metabolic insufficiency. Phosphorylase a is insens- 
itive to allosteric regulation by 5'-AMP ATP or glucose-6-phosphate. 

The net result of all this is the transduction of a very weak first signal 
(low receptor occupancy by hormone) into a large kinetic signal (rapid 
glycogenolysis). However, although activated target enzymes can process 
their substrates rapidly (in our example the release of glucose-1-phos- 
phate from liver glycogen), the penalty for all this stage-by-stage com- 
plexity, control and amplification is a delay in the onset of the response. 
The really fast systems, such as the signalling for neurotransmitter release 
or the contraction of skeletal muscle, are not regulated in this way. In 
skeletal muscle, the phosphorylase kinase is activated by elevation of 
cytosol Ca% which is also the signal that initiates contraction (see Figure 
8.5). The effect of phosphorylation by PKA is not only to maximize the rate 
of conversion of phosphorylase b to phosphorylase a, but also to increase 
its affinity for Ca”. This ensures that muscle phosphorylase kinase is 
operative even under the ambient conditions of low intracellular Ca’ 
concentrations. In terms of the fright, fight and flight response, adrena- 
line readies the muscle for maximal activity even before it receives its sig- 
nal to contract (acetylcholine). The cAMP signal also acts to inhibit 
dephosphorylation of phosphorylase and hence its deactivation. We 
return to this topic in Chapter 17. 


® Protein kinase A 


Protein kinase A is a broad-spectrum kinase. The catalytic subunit is 
directed at serine or threonine residues embedded in a sequence of 
amino acids, RRxS/Tx (x is variable) and this is widespread. What distin- 
guishes different forms of PKA are the tissue-specific regulatory subunits 
with which they are associated. 

In the absence of cAMP, PKA is inactive and exists as a stable tetramer 
(k, ~ 0.2 nmol/l), R,C,, composed of two regulatory subunits (R) and two 
catalytic subunits (C)* (Figure 9.3). The tetramer is stabilized through an 
interaction between the catalytic sites and a pseudosubstrate sequence 
on the regulatory subunits which closely resembles the substrate phos- 
phorylation consensus sequence.’ For type I regulatory subunits, iso- 
lated from skeletal muscle, this is a true pseudosubstrate motif, in which 
the serine is replaced by glycine or alanine, RRxG/Ax, neither of which 
can be phosphorylated. In type II isoforms (from cardiac muscle) the 
serine is retained and the regulator is itself a substrate and undergoes 
phosphorylation.® 

Autoinhibition by such motifs is a common feature of the serine/threo- 
nine protein kinases. The regulatory subunits, tightly and stably attached 
to each other, R,, both possess two similar (35% identity) binding sites for 
cAMP. The binding of cAMP is cooperative, so that occupation of the first 
site by cAMP enhances the affinity of the vacant sites. With the binding 
sites occupied, the stability of the R,C, complex declines by a factor in the 
region of 10*-10°, so liberating the catalytic units that can then phospho- 
rylate their target substrates.’ 
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Figure 9.3 Activation of protein kinase A by cAMP. The holoenzyme is composed 
of two regulatory components (green) that each bind two molecules of cAMP and two 
catalytic units (red). The components are linked between the catalytic sites and a ‘pseudo- 
substrate’ sequence on the regulatory units. This has the sequence -RRGAI- which 
closely resembles the consensus sequence for phosphorylation (in which the place of the 
alanine is taken by the substrate serine). On binding four molecules of cAMP the catalytic 
units are released and their catalytic sites exposed for interaction with real as opposed 
to ‘pseudo’ substrates. The affinity of the regulatory subunits declines allowing the bound 
cAMP to dissociate. It is converted to 5’-AMP by a phosphodiesterase. 


The concentration of PKA in mammalian cells is so high, in the range 
0.2-2 pmol/1,'° that one might expect that little or no cAMP would ever be 
free in the cytosol and accessible to the phosphodiesterases which cata- 
lyse its hydrolysis. However, following the dissociation of the inactive 
(R,C,) PKA complexes, the cooperative nature of the binding of cAMP to 
the regulatory subunits is lost and, with it, the high-affinity state. As a 
result, the cAMP dissociates and becomes subject to conversion to 5'- 
AMP by phosphodiesterase (Figure 9.3). Furthermore, the activity of PDE 
may be enhanced through phosphorylation by PKA, so ensuring abrupt 
termination of the signal.''” 

The specific actions of protein kinase A and other phosphorylating 
enzymes are controlled by targeting of the regulatory subunits. Specific 
anchoring proteins are present in particular locations such as the Golgi 
membranes, centrioles (microtubule organizing centres), cytoskeleton, 
etc.®®!3 With four isoforms of the regulatory subunits that can form het- 
erodimers (as in RaRf), and three isoforms of the catalytic subunit, it is 
possible that up to 24 different forms of the holoenzyme could exist, 
although to be sure, not all isoforms are expressed in all tissues. 
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® Protein kinase A and the regulation of transcription 
™ Activation of the CREB transcription factor 


The action of PKA in the control of glycogen metabolism is an example of 
short-term regulation, as between one meal and the next. PKA also acts to 
regulate events in the longer term by switching on the transcription of 
specific genes. For this purpose, the signals have to be conveyed into the 
nucleus. The first identified example of such long-term control by PKA 
was the expression of the hypothalamic peptide somatostatin. 

Other well-established examples are the stimulation by catecholamines 
of the synthesis of the RNA coding for the B,-adrenergic receptor and by 
glycoprotein hormones that generate receptors for TSH and LH. The 
phosphorylation substrate is the transcription factor cAMP response ele- 
ment binding protein (CREB, see Figure 9.4). As a result of phosphoryla- 
tion by PKA, the CREB dimer interacts with DNA at the cAMP response 
element (CRE). This is an eight base-pair palindromic sequence 
(TGACGTCA) generally located within 100 nucleotides of the TATA box. 

However, transcriptional partners or co-activators are necessary for 
subsequent activation of gene transcription. Such factors are CREB 
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Figure 9.4 Pathways leading to activation of CREB-mediated gene expression. 
The figure illustrates the basic cytosolic and nuclear events leading to the activation of 
the cAMP response elements (CRE). Both PKA and (Ca”* activated) CaM kinase can 
diffuse into the nucleus and phosphorylate CREB at the same serine residue. The 
phosphorylation promotes CREB dimer formation and, in this form, the active 
transcription factor binds specifically at the CRE resulting in gene transcription. 
Dephosphorylation of CREB leads to attenuation of the response. 
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binding protein (CBP) and p300, both large proteins that only interact 
with the phosphorylated form of CREB and direct the transcription fac- 
tors to the transcriptional machinery situated at the TATA box.'4 

Not surprisingly, the activation of CREB can also occur as a conse- 
quence of hormonal stimuli that cause an elevation in the cytosol con- 
centration of Ca** acting through a Ca’ sensitive (type I) adenylyl 
cyclase." Less expected was the finding that, in some cells, Ca% can acti- 
vate CREB directly as a result of phosphorylation by CaM kinases at the 
same serine-133 residue.'*!’ These effects of Ca* may have important 
consequences, in the medium and long term, in cells which also react 
abruptly to transient elevations in the concentration of cytosol Ca”. 
Clearly, for cells that must be able to secrete proteins repeatedly and ‘on 
demand’ (such as pancreatic endocrine (islet) and exocrine (acinar) cells), 
it is essential to restore the complement of secretory proteins after the 
event. The Ca” that provides the stimulus to secretion may thus also 
provide the stimulus to specific protein synthesis. In pancreatic a cells, 
Ca’ entering through voltage-sensitive channels acts both as the stimu- 
lus to the secretion of glucagon and, through the action of CaM kinase 
II, as a stimulus to transcription of the glucagon gene.!* The CREB is also 
understood to regulate many of the long-term effects of stimulus- 
induced plasticity at synapses and to underlie the process of long-term 
potentiation.!”! 

In addition to phosphorylation, the effect of CREB on cellular responses 
may be also be regulated through the expression of CREB itself. In testic- 
ular Sertoli cells, follicle stimulating hormone (FSH) acting through cAMP 
not only induces phosphorylation to activate the CREB, but also results in 
the accumulation of CREB-specific mRNA.” As with other hormones of 
pituitary origin, FSH is released in a pulsatile manner under the com- 
mand of the hypothalamus. This observation therefore suggests that the 
resulting pulses of cAMP could prime the cells to become more sensitive 
to subsequent stimulation by the hormone. 


ME Attenuation of the cAMP response elements by dephosphorylation 


Over the 15-20 minutes following hormonal activation, the catalytic units 
of PKA diffuse into the nucleus to cause phosphorylation of CREB?! and 
the initiation of transcription. Then, over 4-6 hours (the attenuation 
phase), transcription of the target genes gradually declines. This is prob- 
ably due to dephosphorylation of CREB, since it can be prolonged by 
application of phosphatase inhibitors (such as okadaic acid’). Further- 
more, fibroblasts over-expressing phosphatase inhibitor-1, which specifi- 
cally inhibits protein phosphatase-1 (PP1), manifest an enhanced 
transcriptional response to CRE.” In hepatic cells manipulation of the 
activity of the levels of PP2A causes dephosphorylation of CREB.” It 
appears that the magnitude of CRE-induced responses is regulated, at 
least in part, through dephosphorylation, but that different phosphatases 
are involved in different cells. 

As mentioned above, specificity of PP1 is determined by its association 
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with regulatory subunits, which target it to particular cellular locations. In 
the nucleus, PP1 is attached to the chromatin by its association with NIPP 
the endogenous nuclear inhibitor of PP1.° Phosphorylation of NIPP by 
PKA drastically reduces its affinity for PP1 and so cAMP may act to down- 
regulate its own signals through the activation of the phosphatase (see 
Chapter 17). 

As will become apparent in the later chapters of this book, the binding 
of a dimerized transcription factor complex to a palindromic enhancer 
element on DNA is a recurring feature in the regulation of specific gene 
expression. 


@ Protein kinase A and the activation of ERK 


Most of the actions of the B,-adrenergic receptor are transduced through 
G, and mediated by phosphorylation catalysed by PKA. However, follow- 
ing phosphorylation of the receptor by PKA (heterologous desensitiza- 
tion: see Figure 4.10), its specificity alters and it shifts its attention from G, 
to G,. The mechanism that uncouples the receptor from its normal trans- 
ducer also enables it to couple with G,. This opens up a whole new range 
of possibilities, not least because of the much greater quantities of G, pro- 
teins expressed in most cells, and hence the much greater availability of 
By-subunits. An important end result of this switching is the involvement 
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Figure 9.5 All change trains. Down-regulated receptors are not necessarily down- 
regulated, merely looking the other way. Phosphorylation of the B,-adrenergic receptor 


by PKA diverts its attention from G, to G,. The resulting activation of By-subunits initiates 
a pathway of reactions leading to the activation of ERK. Adapted from Daaka et ai.” 
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of Ras leading to activation of extracellular signal regulated protein kinase 
(ERK) and the generation of nuclear signals (Figure 9.5). Further details 
are given in Chapter 11. 

This line of communication is interrupted in cells which have been 
treated with pertussis toxin, a characteristic of the involvement of G, pro- 
teins, not G.. It can also be prevented by over-expression of a PH-domain- 
containing peptide derived from the C-terminus of -adrenergic receptor 
kinase (BARK: see Chapter 4) which has the effect of sequestering the By- 
subunits. All this effectively places cAMP and PKA upstream of the recep- 
tor, conditioning it to communicate with G, and then Ras conventionally 
on the pathway leading to the activation of ERK (Chapter 11). 


E Actions of cAMP not mediated by PKA 


E Regulation of ion channels by cyclic nucleotides 


Important among the actions of cAMP that are not mediated through PKA 
is the regulation of a gated cation channel, a component of the signalling 
mechanism in olfactory cells.?7-3° 

Here, it is understood that the interaction of odorants with receptors 
coupled to G,,, (an heterotrimeric G-protein homologous to G,) leads to 
activation of adenylyl cyclase and the elevation of the concentration of 
cAMP. This causes the ion channels to open with consequent depolariza- 
tion of the cell membrane. Unlike the retinal cyclic GMP regulated chan- 
nel (see Chapter 6), which is relatively unresponsive to cAMP the olfactory 
channel is equally responsive to both nucleotides. Also, unlike the ion 
channel of photoreceptor cells, the olfactory channel closes in response 
to cyclic nucleotides, causing the cells to hyperpolarize. Cloning of cyclic 
nucleotide dependent channels has shown that they are closely related 
and probably share common ancestry with the superfamily of voltage 
regulated ion channels. 


E  Epac, a guanine nucleotide exchange factor directly activated by cAMP 


Rap1 is a monomeric GTPase that appears to be involved in a number of 
cellular processes including the activation of platelets, cell proliferation, 
differentiation and morphogenesis.*! It first came to notice as a regulator 
that suppresses oncogenic effects of Ras (Figure 9.6). Unlike Ras, Rap] is 
confined to organellar membranes. This may explain how, despite the two 
proteins sharing some downstream effectors, their effects can be antago- 
nistic. Depending on the cell type, several ligands, through interaction 
with their receptors and following the generation of second messengers 
such as Ca**, diacylglycerol and cAMP, are able to activate Rap1. Import- 
ant however is the observation that this works equally well in cells that 
express a mutant form of PKA that has a low affinity for cAMP. 

The activation of Rap1 is mediated through the direct action of cAMP 
with a guanine nucleotide exchanger, Epac (exchange protein directly 
activated by cAMP).* This was identified by screening sequence data- 
bases for proteins having homology with other GEFs for Ras and Rap1 and 
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Figure 9.6 Activation of Rapl by Epac, a guanine nucleotide exchange factor 
activated by cAMP. Rap! is a monomeric GTPase that is confined to organellar 
membranes and that counteracts the oncogenic effects of Ras. Its activation is an example 
of a process mediated by cAMP without the mediation of PKA. 


also with proteins having binding sites for cAMP. The nucleotide binding 
site is similar to those present in the regulatory subunits of PKA and the 
cyclic nucleotide regulated ion channels. Using purified Epac it was 
shown that cAMP is required to initiate the release of GDP from Rapl, 
whilst the interaction of a mutant form of Epac, lacking the cyclic 
nucleotide binding site, is constitutionally active. It can release GDP from 
Rap1 in the absence of cAMP. 

As with other monomeric GTPases, the return to the GDP-bound state 
is promoted through interaction with a GTPase activating protein. The 
specific Rap1GAP is itself regulated by the heterotrimer Go in its resting 
state. Thus, a,GDP can sequester Rap1GAP and, in this way, regulate the 
various activity of Rap]. 


E Protein kinase C 
IE Discovery of a phosphorylating activity independent of cAMP 


The enzymes that we call protein kinase C (PKC) became apparent during 
the late 1970s as a cyclic nucleotide-independent protein kinase present 
in bovine cerebellum.” As first described, this activity appeared to be the 
product of limited proteolysis by a calcium-dependent protease,” but 
shortly afterwards it was found to be activated by Ca** (50 pmol/I) and 
phospholipids with no need of proteolysis.” More significantly, the activ- 
ity of this protein kinase could also be stimulated by the addition of a 
small quantity of diacylglycerol (DAG, product of the phospholipase C 
[PLC] reaction), together with phospholipids (generally phosphatidylser- 
ine) and Ca”, now at concentrations not far above the physiological range 


Phosphorylation and Dephosphorylation: Protein Kinases A and C 


ACH, „CH, „CH, „CH, 
cH, “cH, 


HC 


Figure 9.7 Phorbol myristate acetate (PMA). 


(2-6 umol/1).? The new enzyme became a focus of interest when it was 
found to be the predominant intracellular target for the active principles 
of croton oil, long recognized as skin irritants having tumour-promoting 
capacities.’ 

Such phorbol esters® activate PKC, substituting for the physiological 
diacylglycerol. Phorbol myristate acetate (PMA, also known as 12-0- 
tetradecanoylphorbol-13-acetate, TPA), has since been applied to every 
cell and system imaginable. It is apparent that PKC is involved in an enor- 
mous number of cellular processes. These range from tumour formation, 
host defence, embryological development, pain perception, neurite out- 
growth and the development of long-term memory. In this chapter we 
consider the roles of protein kinase in tumour formation and host 
defence. 


E The protein kinase C family 


Molecular cloning reveals the mammalian PKCs to be a family of 12 dis- 
tinct members*!” not all of which are activated by phorbol esters.** They 
can be subdivided into three subfamilies (see Table 9.1, also Figure 9.8). 

In addition there are more distantly related enzymes such as PKC- 
related kinase (PRK, also referred to as PKN).*4 The various isoforms are 
also referred to as ‘isozymes’ but this term is better reserved for an 
enzyme such as lactate dehydrogenase, since the isoforms of PKC have 
separate and characteristic substrates. 

The subfamilies of PKC are classified on the basis of sequence similari- 
ties and their modes of activation. The conventional PKCs are all activated 
by phospholipid, in particular phosphatidylserine, DAG and Ca?*. The 
novel PKCs require phospholipid and diacylglycerol but not Ca?*. This 


Table 9.1 PKC isoforms 


Subfamily Isoforms Requirements for activation 


Conventional (cPKC 
Novel (nPKC) 
Atypical (aPKC) 


a, B1, B2 and y 
6, £, 1 and 8 
À, 1, & and p (PKD) PS 


Croton oil A poisonous 
viscous liquid obtained from 
the seeds of a small Asiatic 
tree, Croton tiglium, of the 
spurge family 
(Euphorbiaceae). The tree is 
native to India and the 
Indonesian archipelago. The 
oil is pale yellow to brown 
and transparent, with an 
acrid persistent taste and 
disagreeable odour, It is a 
violent irritant. The use of 
croton oil as a drug 
apparently originated in 
China. It was introduced to 
the West by the Dutch in the 
16th century, and the 
I9th-century physician (and 
pioneer in the field of signal 
transduction) Sidney Ringer 
describes its use as a 
purgative and its topical 
application in the treatment 
of ringworm. It is now 
considered too dangerous 
for medicinal use. 
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Figure 9.8 The family of protein kinases C. Mammalian PKC comprises a family of 
12 distinct members subdivided into 3 subfamilies: conventional (c), novel (n) and atypical 
(a). They are identified as PKC by the conserved domains Cl, C2, C3 and C4. The protein 
is made up of regulatory and catalytic domains, connected by the hinge region. 


may be explained by the different location of their Ca**-binding domain. 
The atypical PKCs respond neither to DAG nor to Ca** but they still require 
phospholipids. All the PKCs have in common a catalytic domain, com- 
prising two highly conserved subdomains, C3 and C4. They all contain a 
cysteine-rich region, Cl, and, in addition, the conventional and novel 
PKCs contain the C2 domains that bind Ca”. They are all characterized by 
the presence of a pseudosubstrate sequence that plays a role in maintain- 
ing the kinase inactive in the absence of a stimulus. The atypical PKCu has 
a transmembrane domain and a pleckstrin homology domain (PH 
domain). 

Phosphorylation by the PKCs occurs only at serine and threonine 
residues in the close vicinity of arginine residues situated in the consen- 
sus sequence, RxxS/TxRx.* This is present in many proteins (for a 
detailed analysis see Nishikawa et al.) and, as a result, PKCs can be 
regarded as broad-specificity protein kinases though there are some dif- 
ferences in substrate recognition between the subfamilies. Thus, all forms 
of PKC (with the exception of PKC%) are capable of phosphorylating 
MARCKS and GAP-43, while ribonucleoprotein Al (hnR A1) is only effi- 
ciently phosphorylated by PKC¢. The different expression of the various 
PKCs in the tissues may contribute to particular tissue- or cell-specific 
responses to hormones, growth factors, cytokines or neurotransmitters.” 
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Genes coding for PKC (tpa-1 and pkc) are present in C. elegans,’ and 
three isozymes, InaC and dPKC2-3, have been found in Drosophila.® 
Genetic screening of these organisms has supplied insights into the func- 
tioning of PKC, in particular with respect to the role of assembling pro- 
teins in the formation of large signalling complexes (see below). 


E Structural domains and activation of protein kinase C 
m The Cl-C4 regions 


The deduced amino acid sequences reveal four reasonably conserved 
functional domains, C1-C4, having similarities to those present in other 
signalling proteins (see Chapter 18)*>! (Figure 9.9). Proceeding from the 
N-terminus, Cl and C2 constitute the regulatory domains and then C3 
and C4 together constitute the catalytic domain characteristic of all 
kinases (see Chapter 18). Cl contains a cysteine—histidine-rich motif 
(‘zinc finger’) that coordinates two Zn atoms and this forms the binding 
site for DAG and phorbol esters. This is duplicated in most isoforms. C1 
domains, occurring singly or doubly, are present in a wide range of pro- 
teins, some of which bind phorbol esters (‘typical’) whereas others do not 
(‘atypical’). The proteins that contain a typical C1 domain are predicted to 
be regulated by DAG or phorbol esters.” Examples of phorbol ester bind- 
ing proteins lacking kinase activity are the chimaerins (a family of 
Rac-GTPase-activating proteins), RasGRP (a Ras exchange factor), and 
Unc-13/Munc-13 (a family of proteins involved in exocytosis) (for review, 
see Kazanietz®’).The C2 domain binds negatively charged phospholipid, 
such as phosphatidyl serine, and in some isoforms a Ca**-binding site 
responsible for the Ca’*-dependence of lipid binding is also present. 

The regulatory (C1 and C2) and the catalytic (C3 and C4) domains are 
linked by a hinge region. When the enzyme is membrane bound the hinge 
is vulnerable to proteolytic enzymes such as trypsin. The fragment 
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Figure 9.9 PKC domains. The conserved domains, C1-C4, are functional modules. C| 
binds to DAG or phorbol ester, C2 is involved in the attachment to phospholipid, which 
is enforced by the binding of Ca?’*, and C3 + C4 constitute the catalytic domain. 


InaC denotes a locus 
defined from a screen for 
mutations in Drosophila visual 
transduction. When mutated 
the fly displays inactivation 
no-after potential (see 
below). 
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(protein kinase m), containing the kinase domain, necessarily detached 
from the membrane, is constitutively active. 


IS Pseudosubstrate 


In the segment immediately N-terminal to the C1 domain is a stretch of 
amino acids (19-36 in PKCa) which constitutes the autoinhibitory pseu- 
dosubstrate. Its sequence resembles the consensus phosphorylation sites 
present in target proteins that are phosphorylated by PKC. However, in 
the pseudosubstrate the serine is replaced by alanine and is consequently 
not amenable to phosphorylation.” In the absence of a stimulus, the cat- 
alytic domain binds to the pseudosubstrate, causing the enzyme to fold 
about the hinge linking C2 and C3, resulting in a suppression of kinase 
activity. 


©) Activation 


Activation of PKC requires phosphorylation of the catalytic domain in the 
activation loop (see Chapter 18) and the detachment of the pseudosub- 
strate domain from the active site.” The following description applies to 
conventional and novel PKCs but not the atypical isoforms. 

PKC is synthesized as an inactive non-phosphorylated precursor pres- 
ent in a detergent-insoluble fraction (probably associated with the 
cytoskeleton). At this stage the catalytic site is accessible to ATP but the 
enzyme is catalytically incompetent. In the further processing of PKC, 
the activation loop, near the sequence APE in the catalytic domain, 
becomes phosphorylated (Figure 9.10), possibly through the action of 
PDKI1. This is a phospholipid-dependent protein kinase, also involved in 
the activation of protein kinase B (see also Table 13.1). Replacement of 
the activation-loop threonine by a neutral residue results in an enzyme 
that cannot be activated. In contrast, replacement with glutamate, 
intended to mimic the effect of phosphate, results in an enzyme that can 
be activated. There are a number of problems regarding the regulation of 
phosphorylation in the activation loop. For instance, regardless of the 
presence or absence of agonists known to stimulate PDK1, at least 50% of 
cPKCB2 is normally present in its phosphorylated form.” For nPKC6 the 
situation is different because the protein is not normally phosphorylated 
and the phosphorylation is clearly induced by activation of PDK1.°° The 
phosphorylation in the activation loop is followed by two autophospho- 
rylations at the C-terminus of the catalytic domain (sites 1 and 2) (see 
Table 9.2). aPKC% and à lack the second phosphorylation site and have 
substituted a glutamate residue (see Table 13.1, page 311). aPKC lacks 
both these phosphorylation sites (see page 404). For review see Parekh 
et al.;° further information is available at the protein kinase resource at 
http://www.sdsc.edu/Kinases. 

The mature form of PKC detaches from the detergent-insoluble fraction 
and it is now catalytically competent, though still inactive due to the 
apposition of the pseudosubstrate with the catalytic domain. The 
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Figure 9.10 Activation of PKC occurs in four steps. As an example, PKCB2 is synthesized as a 74 kDa 
precursor, its catalytic site is accessible to substrate but inactive. Three different phosphorylations follow, rendering 
the enzyme catalytically competent but still inactive. Substrate access is prevented by the attachment of the 
pseudosubstrate to the catalytic site. On binding DAG and elevation of Ca?*, the enzyme binds firmly to the 
membrane, the pseudosubstrate detaches from the catalytic site and the system becomes both competent and 
accessible. 


Table 9.2 Phosphorylation sites that render PKC isoforms catalytically competent 


Isoform In activation loop In C-terminus site | In C-terminus site 2 
hPKCa GVTTRTFCGTPDYIAPE T497 RGOPVLTPPDOLVI T638 QSDFEFGSYVNPQ S657 
HPKCH1 GVTTKTFCGTPDYIAPE T500 ROPVELTPTDKLFI T642 ONEFAGFSYTNPE S661 
HPKCB2 GVTTKTPCGTPDYIAPE T500 RHPPVLTPPDQEVI T641 QSEFEGFSFVNSE S660 
hPKCy GTTTRTFCGTPDYIAPE T514 RAAPAVTPPDRLVL T655 QADFOGFTYVNPD T674 
hPKC ESRASTFCGTPDYIAPE T507 NEKARLSYSDKNLI 5645 QSAFAGFSFVNPK S664 
hPKCt GVTTTTFCGTPDYIAPE T566 REEPVLTLVDEAIV T710 QEEFKGFSYFGED $729 
hPKC GVTTATFCGTPDYIAPE T510 KEEPVLTPIDEGHL T650 QDEFRNFSYVSPE S672 
hPKCO DAKTNTFCGTPDYIAPE T538 NEKPRLSPADRALI S676 ONMFRNF'SFMNPG S695 
hPKCC GDTTSTFCGTPNYIAPE T410 SEPVỌLTPDDEDAI T552 QSEFEGFEYINPL E579 
hPKCA GDTTSTFCGTPNYIAPE T411 NEPVOLTPDDDDIV T563 QSEFEGFEYINPL E582 
hPKCu KSFRRSVVGTPAYLAPE $742 Absent Absent 


The first phosphorylation occurs in the activation loop of the catalytic domain, near the APE sequence. This is not an inter- 
or autophosphorylation but involves another type of protein kinase. The phosphorylations in the C-terminus of the 
catalytic domain are autophosphorylations. Note the substitution of the site 2 serines by a glutamate (E) in PKCC and 
PKCu. Phosphorylation targets are indicated in red. 

Adapted from Toker! 


stimulus-mediated generation of DAG effectively plugs a hydrophilic site 
in the C1 domain, making the surface more hydrophobic, and this allows 
C1 to bury into the membrane. The DAG also reduces the Ca? require- 
ment for the binding of the C2 domain to phospholipids hence increasing 
the strength of the interaction. Lastly, it brings about a conformational 
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change in the catalytic domain, separating the catalytic and pseudo- 
substrate domains (Figure 9.9). The protein kinase is now fully active. 


E Multiple sources of DAG and other lipids to activate 
PKC 


In view of the requirement for DAG, the regulation of PKC is clearly linked 
to the activity of PLC (Figure 9.11; see Chapter 5). The hydrophobicity 
and small size of DAG enable it to diffuse laterally in membranes with 
some rapidity. It is also short-lived, either broken down by DAG lipase (to 
form glycerol and fatty acids) or converted to phosphatidate by the action 
of DAG kinase (see Figure 8.7, page 180). Virtually all ligands, growth fac- 
tors, hormones or neurotransmitters, promote the production of DAG 
(and IP.) in one way or another, and this means that PKC is implicated in 
a large number of cellular responses. Sustained activation of PKC requires 
the simultaneous presence of elevated levels of DAG and high-frequency 
Ca?*-spikes.® 

Several other lipid second messengers and mediators either potentiate 
the effect of DAG and Ca®™ or activate the PKCs directly (Figure 9.11). In 
particular, the 3-phosphorylated inositol lipids P1(3,4)P, and PI(3,4,5)P,, 
products of the phosphoinositide 3-kinases (see Chapter 13) activate both 
the novel (5, ¢ and 0) and the atypical (¢) PKCs in a phosphatidyl] serine 
environment.™ Unsaturated fatty acids (most notably arachidonic acid, 
lysophosphatidic acid (LPA) and lyso-phosphatidylcholine (lysoPC)) can 
also enhance the activity of PKC. These lipids potentiate the effects of 
DAG at basal Ca** concentrations (100 nmol/l range). Breakdown prod- 
ucts of sphingolipids, such as sphingosine and lysosphingolipids, inhibit 
the conventional PKCs most likely by masking their interaction with 
phosphatidyl serine. 
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Figure 9.11! Multiple lipid sources to activate PKC. Different lipid sources and 
different phospholipases and kinases activate different isoforms of PKC. Uniquely, the 
atypical PKCA can be activated by a protein, LIP. 
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The atypical PKCs are not activated by DAG or phorbol esters but are 
activated by other lipid products, such as PI(3,4,5)P,, lysophosphatidic 
acid and ceramide. Uniquely, PKCA can be activated by a protein, lambda- 
PKC interaction protein (LIP).® 


E Differential localization of PKC isoforms 


The existence of numerous isoforms, but the lack of individual substrate 
specificities, raises the question of whether the various PKCs might have 
redundant roles. Immunocytochemical analysis reveals, however, that 
particular isoforms are present in different cells and subcellular compart- 
ments and bind to unique protein complexes. They may have specialized 
functions. The first indication was provided by a study of inductive sig- 
nalling in Xenopus laevis embryos. Here, dorsal ectoderm is more compe- 
tent to develop as neural tissue than the ventral ectoderm. This difference 
persists even when an artificial stimulus such as phorbol ester is applied. 
PKCa is preferentially expressed in dorsal ectoderm, whereas PKC is uni- 
formly distributed. Over-expression of PKCa in ventral ectoderm annuls 
the difference in competence between the two tissues, the ventral ecto- 
derm now being fully competent to form neural tissue. In fibroblasts 
induced to over-express various isoforms of PKC, the majority tend to be 
diffusely distributed throughout the cytoplasm with just a fraction of 
PKCB and 9 attached to the membrane and concentrated in the Golgi 
apparatus. However, within minutes of the addition of phorbol ester there 
occurs an extensive redistribution. PKCa and e concentrates at the cell 
margin, PKC-o accumulates in the endoplasmic reticulum, PKCB2 associ- 
ates with actin-rich microfilaments of the cytoskeleton, PKCy in Golgi 
organelles, and PKCe attaches to the nuclear membrane.” 


E PKC anchoring proteins, STICKs, PICKs and RACKs 


There are several proteins that bind and target PKCs to specific subcellu- 
lar sites. The STICKs (substrates that interact with C-kinase, including 
vinculin, talin, MARCKS, a- and y-adducin and the annexins) link the 
actin cytoskeleton with the plasma membrane (see Table 9.3). They bind 
phosphatidyl serine and they act as substrates for PKC. This implies that 
PKC plays a role in the regulation of membrane-cytoskeletal interactions. 
None of these is selective between different isozymes. In the case of 
MARCKS and y-adducin, phosphorylation disrupts both the interaction 
with the PKC and with the phospholipids, so releasing the protein into the 
cytosol.” 

There are other PKC-binding proteins, the RACKs (receptors for acti- 
vated C-kinase) and the PICKs (proteins interacting with C-kinase), that 
are not substrates but nonetheless show specificity among the various 
isoforms. They are thought to anchor activated PKC to particular mem- 
brane domains in the vicinity of appropriate substrate proteins. RACK 1 
links PKCB with the intracellular domain of the receptors for interleukin- 
5 (ref 72) and B-COP (B-cytosolic coat protein, another RACK), interacts 


with PKC-s, linking it to the Golgi membrane.” InaD (a PICK) orchestrates 
the association of the proteins of the retinal visual transduction pathway 
in Drosophila (see below). 

The primary function of all these anchoring proteins is to position indi- 
vidual PKCs in the appropriate location to respond to specific receptor- 
mediated activating signals. A second role is to bring them into close 
contact with their substrates. Given the promiscuity of PKC in test-tube 
protein kinase A assays, these anchoring proteins may act to prevent 
inappropriate phosphorylation events. A similar theme emerges with the 
serine-threonine protein phosphatases (see Chapter 17). 


™ A matter of life or death: the role of PKC signalling complexes in the evasive 
action to the fly-swat 


Anyone who has tried unsuccessfully to swat a fly must know that the 
speed of their visual response is faster by far than ours. More than this, 
their sensitivity and adaptational capacity far outstrips any vertebrate 
photosensors. The phototransduction cascade in Drosophila (see Figure 
6.12, page 141) reveals how anchoring proteins operate in signal trans- 


Table 9.3 PKC binding proteins 


Binding protein/substrate Cellular location Known functions 
STICKs 
Vinculin/talin Focal contacts Adhesion to extracellular matrix 


Annexins | and Il 


MARCKS Vesicles, plasma membrane Vesicle trafficking, secretion, cell 
spreading 

Desmoyokin, AHNAK Desmosomes/nucleus Cell-cell binding 

a-Adducin Cortical cytoskeleton Cell polarity, actin capping 

y-Adducin Cortical cytoskeleton Interaction of actin with spectrin 

STICK72 and gravin Plasma membrane 

STICK34 Cytoskeleton, caveolae 

GAP43 (B-50) Nerve growth cone Neurite outgrowth, 
neurotransmitter release 

Pagea Neutrophil cytoplasm Activation NADPH oxidase 

AKAP79 Synaptic densities Neurotransmitter release 

PAR-3 CNS Role in cell polarity 

PICKs 

InaD (Drosophila) Photoreceptor Links PKC to PLC 

ASIP Tight junction epithelial cells 

PICKI Perinuclear 

RACKs 

RACKI (PKCB) Interleukin-5 receptor 

B-COP (PKCe) Golgi Protein traffic 


Adapted from Jaken and Parker.”* 
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Figure 9.12 Anchoring proteins: (a) The formation of a signalling circuit in Drosophila 
phototransduction. Two copies of InaD gather together a number of signalling molecules 
to form a signalling circuit. The events are as follows (see also Figure 6.12): Light activates 
rhodopsin, that in turn activates Gq-a, which acts on phospholipase C (PLC), causing the 
generation of DAG. This opens a Ca?* channel, Trp, causing membrane depolarization. This 
rapid event is followed by a PKC-mediated deactivation of Trp and re-polarization of the 
membrane potential. (b) A loss of InaD causes a retardation of the return to the resting 
state and hence a loss of visual resolution. Adapted from Xu et al.” 


duction through PKC (Figure 9.12, upper panel). Photoactivation of retinal 
rhodopsin leads to the opening of the light-sensitive cation influx 
channels Trp and TrpL (trp: transient receptor potential, homologues of 
human store operated Ca**-channels). This rapid response results in a 
very transient depolarization of the photoreceptor cells. Most of the 
proteins that operate in the phototransduction cascade associate as a 
single supramolecular signalling complex. The key component in this 
complex is InaD having multiple PDZ domains. InaD together with 
InaC, a PKC, emerged in genetic screens for mutations in Drosophila 
visual transduction. 

InaD, present in the microvillar compartment of the photoreceptor (the 
rhabdomere: see Figure 11.9, page 267) is closely associated with several 
proteins including a B-type PLC (gene product of norpA, ‘no receptor 
potential’), the light-sensitive cation influx channels (Trp and TrpL), InaC, 
the Drosophila variant of PKC and the photosensor rhodopsin (product of 
the ninaE gene).” The binding occurs through the five PDZ domains of 
InaD (Figure 9.12), PDZ-3 interacting with the Ca?*-channel, PDZ-4 with 
rhodopsin or PKC and PDZ-5/PDZ-1 with PLC. At least two InaDs are 
required to combine all the signal transduction components involved, 
linking the rhodopsin to the ion-channel. This supramolecular complex 
ensures both the rapid opening of the Ca** channel and then its almost 


PMA or TPA? Phorbol 
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TPA. Hence we have TPA- 
inducible genes, the TRE, etc. 
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instantaneous desensitization. Disruption of any one of the interacting 
components alters the characteristic photo-response (Figure 9.12). In 
InaD mutants, the various components of the signalling complex, such as 
the Ca’*-channel, PLC and PKC are no longer exclusively located in the 
rhabdomeres though rhodopsin and the Ca?-channel (intrinsic mem- 
brane proteins) of course remain. Photoreceptor cells in flies having 
mutations at either InaC or InaD desensitize sluggishly, remaining depo- 
larized (hence ina, inactivation no-after potential). Such flies have prob- 
lems distinguishing light of different intensities and flash duration.” 

The macromolecular assembly predicates against random collisions 
of individual components of the signalling pathway and ensures high 
precision. 


E PKC and cell transformation 


Long before the association with PKC became apparent, it was evident 
that the phorbol esters can act as co-carcinogens, enhancing the tumori- 
genic activity of other substances such as urethane.**” In some cell cul- 
tures they increase the number of mitoses” but in the absence of a 
tumour promoter they do not induce the formation of fully transformed 
cells. One might think that PKC should be implicated in all this, maybe 
acting to phosphorylate a transcription factor, in a manner similar to PKA 
that works through the CREB protein, to induce specific gene expression 
and the formation of tumours. However, the matter remains unclear and 
PKC has failed to qualify as a true oncogene. 

With the aim of understanding the mechanisms underlying tumour 
promotion by phorbol esters, two independent experimental strategies 
have been applied. By searching for transcriptional control elements that 
mediate the phorbol ester-induced alterations in gene expression it 
should be possible to work backwards, identifying first the transcription 
factor(s) that bind these elements and then the signal transduction path- 
way that regulates their activation.” The alternative has been to over- 
express various isoforms of PKC and to study changes in cell phenotype.” 


™ The search for transcription factors that mediate phorbol ester effects 


Analysis of the promoter regions of a number of genes (for instance, 
collagenase, metallothionein IIA and stromelysin) induced by phorbol 
ester (PMA or TPA) revealed a conserved 7 base-pair palindromic motif 
(TGACTCA). This TPA-responsive element (TRE) is recognized by AP-1. 

It was understood that AP-1 is at the receiving end of a complex path- 
way that transmits the effects of phorbol ester tumour promoters from 
the plasma membrane to the transcriptional machinery, possibly involv- 
ing PKC®!. AP-1 is a complex of two proteins, c-Fos and c-Jun, both known 
oncogenes, linked by a protein-protein interaction motif known as a 
leucine zipper (Figure 9.13). These transcription factors are similar in 
structure to CREB.®*4 

Defining the upstream signal transduction pathway that regulates AP-1 
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Figure 9.13 PKC and the activation of the TRE. Activation of PKCa by TPA 
(phorbol ester) results in phosphorylation and inactivation of glycogen synthase kinase- 
3B. Inactivation of GSK-3ß allows dephosphorylation of c-Jun by an unidentified 
phosphatase and the c-Jun dimer becomes competent to bind to the TRE and induce 
gene transcription. 


activity proved far from straightforward. It was found that activation of 
PKC causes the dephosphorylation of c-Jun just in the basic region where 
it binds DNA.® Phosphorylation of this segment can also be achieved (in 
the test tube) by glycogen synthase kinase-3B (GSK) and so it was postu- 
lated that PKC stimulates the binding of c-Jun DNA through the inhibition 
of GSK-3B8 which would result in the dephosphorylation of the basic 
region. Consistent with this idea is that activation of PKC (a, B1, B2 and y) 
causes phosphorylation and thus de-activation of GSK-3f.°"*® However, a 
molecular interaction between GSK-3f and c-Jun has not been demon- 
strated, nor is it clear which phosphatase strips the phosphate residues 
from c-Jun. That this cannot be the whole story became clear from the 
finding that phosphorylation at the N-terminus is also crucial for both 
transcriptional activity and cell transformation by c-Jun.®*° 

The discovery of a Jun N-terminal protein kinase, JNK-1, that phospho- 
rylates c-Jun through interaction with a specific kinase docking site,*’” 
drew the field away from PKC and focused attention on the serum 
response element (SRE) and the newly emerging family of mitogen acti- 
vated protein kinases (MAP kinases) (Figure 9.14; see Chapter 11). In addi- 
tion to its role in regulating serum-mediated expression of c-fos, the SRE 
is also involved in the cellular response to phorbol ester.” The SRE binds 
two transcription factors: the serum response factor (SRF) and the TCE 
p62 (Elk). Growth factors present in serum (see Chapter 10) regulate the 
transcriptional activity through phosphorylation of p62'™ (ref. 95) a mode 
of activation that also applies for phorbol ester (Figure 9.14). 


AP-I encompasses a group 
of dimeric transcription 
factor complexes composed 
of Jun, Fos or ATF subunits 
that bind to either the TRE 
(Jun-Jun or Jun—Fos) or the 
CRE (Jun-ATF). The 
oncogenic variants of these 
transcription factors have 
increased half-lives and show 
enhanced transcriptional 
activity as a consequence of 
partial deletions.®?-*4 CREB 
can also bind to the TRE® 
and so inhibit activation 
through c-Jun.®¢ 
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Figure 9.14 TPA causes activation of SRE. PKC and growth factors were initially 
thought to activate distinct signal transduction pathways resulting in the activation of TRE 
and SRE respectively. This notion ended when it was realized that TPA also activates the 
SRE and that growth factors can activate the TRE through activation of Jun N-terminal 
kinase, JNK. The question remains, how is PKC involved in all this? 


As the signal transduction pathway emanating from growth factor 
receptors that activate the SRE was gradually resolved, and found to 
involve Ras and members of the MAP kinase family (see Chapter 11), 
the role of PKC remained obscure. PKCa was found to activate the Ras- 
activated kinase c-Raf (Chapter 4) that cooperate in the transformation of 
NIH3T3 fibroblasts.” In rat embryo fibroblasts, activation of Raf-1 is also 
essential for the transforming effect of PKCe.” Raf-1 is involved in growth 
factor receptor mediated signalling leading to the activation of ERK (one 
of the mitogen activated protein kinases, MAP kinases: see Chapter 11). 
Since all growth factors induce the generation of DAG and hence activate 
PKC, it follows that PKC reinforces the Ras-initiated growth factor signal at 
the level of Raf-1. However, this does not necessarily result in enhanced 
cell proliferation. More recent findings, using kinase-dead and constitu- 
tively activated mutants, confirm that several PKC isoforms can activate 
members of the MAP kinase family, in some cases leading to the activa- 
tion of both ERK and JNK. This dual signal reintegrates at the level of 
phosphorylation of p62™ (Figure 9.15).%!° Activation of JNK could 
equally result in the phosphorylation of c-Jun, resulting in the activation 
of AP-1 at a TRE site. 

Collectively, all this suggests that PKC acts primarily as a modulator of 
the Ras signal transduction pathways that emanate from growth factor 
receptors. The commitment, either to promote or to suppress activity, is 
determined at the level of the MAP kinases. 
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Figure 9.15 PKC causes activation of the SRE through activation of Raf and 
JNK. Activation of PLC-y by growth factor receptors results in activation of PKC. From 
here two substrates have been identified, Raf and JNK, both components of the 
Ras-controlled MAP kinase pathway. Phosphorylated and activated Raf and JNK enhance 
the phosphorylation of p62", thereby enforcing the Ras signal. Moreover, JNK activates 
the TRE through phosphorylation of c-Jun. 


E Overexpression of PKC isoforms and cellular transformation 


Over-expression of PKCB1 in rat embryo fibroblasts (R6 cells) induces the 
characteristic transformed cell phenotype (see ‘Cancer and transforma- 
tion’, page 246). These cells have a reduced requirement for growth factors 
and generate an autocrine mitogenic factor that possibly induces their 
own transformation.!*! However, when injected into nude mice, R6-cells 
over-expressing PKCB1 induce tumours with a lower frequency and 
longer latency period than cells transformed by the Ha-Ras oncogene (see 
Chapter 4, also Chapter 11 for the role of Ras in growth factor signalling). 
This should not be entirely unexpected in view of the idea that phorbol 
esters act as tumour promoters or co-carcinogens, not carcinogens in 
their own right. Co-expression of Ha-ras and PKCf1 certainly results in 
greatly enhanced transformation.!” In contrast, for R6 cells over-express- 
ing PKC-a there is no tendency for transformation.'® Instead, the growth 
is retarded and these cells achieve lower saturation densities than normal. 
In glioma cells, PKCa plays a growth-promoting role by suppressing the 
expression of the cell cycle inhibitor p21“F'“', (ref. 103) PKC-¢ has 
tumour suppressor qualities actually reverting v-Raf transformation of 
NIH-3T3 cells,” and PKC-6 inhibits proliferation of vascular smooth 
muscle cells by suppressing the expression of the cyclins D and E (com- 
ponents of the cell cycle machinery that prepare the cell for DNA synthe- 
sis: see ‘The cell cycle’, page 232) (Table 9.4).!° It appears that, depending 
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Table 9.4 Phenotypic changes after over-expression of PKC isoforms 


PKCa 


Rat colonic 
epithelial cells 


Tumour 
suppression 


Slower growth 
Low densities 


PKCa PKCBI PKC PKCe PKC 
Glioma cells Rat embryo Vascular smooth Rat fibroblasts and v-raf transformed 

Fibroblasts (R6) muscle cells colonic epithelial cells NIH-3T3 
Tumour Tumour Tumour Tumour Tumour 
promotion promotion suppression promotion suppression 
Suppression Growth in Slower growth Growth in Reversion of 
of pz nude mice Reduced nude mice transformed 

Anchorage expression of Anchorage phenotype 

independence cyclin D and E independence 

Synergy with Synergy with 

Ha-ras ras 


on the cells and on the circumstances, different isoforms of PKC when 
over-expressed, can either induce or suppress the formation of the trans- 
formed cell phenotype. 

Unfortunately, it has not been possible to draw any strong generaliza- 
tions from these experiments. The tumour-promoting tendency of phor- 
bol esters cannot be readily explained by a simple mechanism involving 
the activation of PKC. In addition, because prolonged treatment with 
phorbol esters has the effect of down-regulating the expression of con- 
ventional and novel PKCs (a phenomenon often used to dissect their role 
in signal transduction), it is possible in some instances that the prolifera- 
tive response may be due to absence of PKC rather than its activation. 
Lastly, there are many other proteins that possess C1 domains similar to 
those present in the PKCs that may also be regulated by phorbol esters. 
One of these is Ras-GRP, a guanine nucleotide exchange factor for Ras, 
that promotes malignant transformation in fibroblasts when induced by 
phorbol ester.'° Lastly, few natural tumours have been found that express 
PKC mutations or express PKC aberrantly. An example is presented in a 
subpopulation of human thyroid tumours that express a mutated PKCa.!°’ 
Among other characteristics, this has a selective loss of substrate recogni- 
tion and an altered subcellular localization." How this explains aberrant 
growth regulation is not known. 


E PKC and inflammation 
™ Phorbol ester and activation of endothelial cells and leukocytes 


Phorbol ester (TPA) is a skin irritant and inflammatory agent. It induces 
prompt remodelling of the vasculature, resulting in oedema formation, 
and this response is enhanced by the induced secretion of histamine from 
mast cells and blood-borne basophils (Figure 9.16).!!°!"' It activates adhe- 
sion molecules present on the surface of leukocytes causing them to bind 
and then to migrate through the vascular endothelial layer into the tissues 
underlying the skin™? (see Chapter 15). In the tissues, TPA potentiates 
antigen-mediated stimulation of T-lymphocytes, enhancing the produc- 
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Figure 9.16 Induction of an inflammatory response by phorbol ester. Effects of 
phorbol on the vasculature and leukocytes and on release of mediators are illustrated. 
These events result in tumour (swelling), calor (heat), rubor (redness) and dolour (pain), 
four well-recognized characteristics of the inflammatory response. 


tion of the cytokine interleukin-2 (IL-2) which is essential for the induc- 
tion of clonal expansion (see Chapter 12).!! This effect is mediated 
through activation of PKC@ and the transcription factor complex 
AP-1,'!*"'5 TPA also causes degranulation of neutrophils, releasing pro- 
inflammatory cytokines and matrix proteases, and activation of the 
respiratory burst." This metabolic response is vital for first line host 
defence and is also implicated in the tissue destruction associated with 
chronic inflammatory diseases. 

Neutrophils (polymorphonuclear neutrophilic granulocytes) are dedi- 
cated phagocytic cells and they constitute the first line of defence against 
invading micro-organisms. Their action can be dissected into three dis- 
tinct processes: 


1 direct migration towards micro-organisms (chemotaxis), followed by 
2  engulfment of the micro-organism (phagocytosis) and finally 
3 its killing (Figure 9.17). 


The intracellular killing mechanism is based on two independent but 
mutually supportive mechanisms, the generation of toxic oxygen 
metabolites and the release of microbicidal proteins from the storage 
granules into the phagosome.'”” The generation of toxic oxygen metabo- 
lites, O; and H,O,, is accompanied by a 20-30-fold increase in oxygen 
consumption, called the respiratory burst.'!® Its importance is made 
apparent by the finding that individuals having a genetic defect in any one 
of the components regulating the respiratory burst chain manifest recur- 
rent bacterial infections due a reduced ability to kill invading microbes.” 


Figure 9.17 Killing of microbes by neutrophils. (a) Transmission electron micrograph of a neutrophil attaching to 
a yeast particle coated with IgG (immunoglobulin-treated zymosan). Note the formation of a protrusion which, using 
the Fe-IgG receptor to direct the movement, gradually engulfs the particle. This contact also results in the activation of 
the respiratory burst with the formation of toxic oxygen metabolites. (b) Scanning electron micrograph of the same 
event. (c) Transmission electron micrograph of a neutrophil containing several IgG-coated yeast particles in a large 
phagosome after 15 minutes of incubation. From Dirk Roos and Wim Leene, Amsterdam. 


This condition is called chronic granulomatous disease (CGD), because 
of the formation of fibroblast-encapsulated granulomas, packed with 
neutrophils that harbour the microbes.'*!?! The enzyme responsible 
for the respiratory burst, NADPH : O, oxido-reductase (NADPH oxidase) 
catalyses the reaction 


NADPH > NADP* + H+ + 2e 
20, +2e°-> 20; 


It transfers two electrons from NADPH (oxidation) to molecular oxygen 
(reduction), generating 20,-. From reconstitution studies with recomb- 
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Figure 9.18 Assembly of the NADPH oxidase components upon activation of 
neutrophilic granulocytes. The membrane components act as docking sites for the 
cytosolic components. Rac is activated, detaches from GDI and exchanges GDP for GTP. 
Activated Rac interacts with p67°*™ and together they dock on to the gp91 subunit of 
cytochrome b. PKC is bound to p47?'™ and this enables its localization to the p22 subunit 
of cytochrome b. 


inant proteins it became apparent that the NADPH oxidase is composed 
of a number of separate components (Figure 9.18):+?? 


e p47™% a cytosolic component 
e p67 a cytosolic component 
e Rac2 amonomeric GTP binding protein of the Rho family 


e flavocytochrome b558 an alßl transmembrane protein-dimer 
(gp9 1Phox/p22phox) , 


E) 
Loss of function mutations (or partial deletions) have been observedin phox Phagocyte oxidase. 


all of these components, all resulting in immunodeficiencies.'” gp__ Glycoprotein. 
b558 A cytochrome-b 


having a haem absorption 


; i ; k at 558 nm. 
I The role of PKC in the regulation of the respiratory burst Pomerat te 


™ Phosphorylation of p47?" by PKC 

Bacterial infection elicits activation of the serum complement cascade, 
generating the complement derived peptides C3 and C3bi which bind to 
the microbial surface. In addition, specific antibodies (immunoglobulin 
G, IgG) recognize and bind to microbial antigens. The binding (opsoniza- 
tion) of the complement peptides and IgG to the neutrophil Mac-1 and 
Fcy-receptors activates phagocytosis and the respiratory burst. In addi- 
tion the microbe may shed lipopolysaccharides (LPS) or small fragments 
of peptidoglycan and these act as priming agents, making the neutrophil 
more responsive to the opsonized particles. Occupation of the Mac-1 and 
the Fcy-receptors activates PLC, resulting in the generation of DAG and 


IP, (Figure 9.19).'** Simultaneously, the predominant PKC isoforms, BI 
and BII, 5, and ¢ redistribute from the cytosol to the plasma membrane.'* 
This is followed by phosphorylation of p47? and the assembly of the 
other components of the NADPH oxidase. p67’'™ is recruited to the 
plasma membrane through activation of the GTPase Rac by the engaged 
Fcy-receptors.'*° In the resting state, Rac is associated with GDI, that 
inhibits GDP dissociation and keeps it in the cytosol. p47? associates 
with the NADPH oxidase by interaction of its SH3 domain with the pro- 
line-rich region in p22?>, The assembly effectively enables the transport 
of electrons from NADPH to O, (Figure 9.18). 

PKC is an important regulator of the respiratory burst in human neu- 
trophils, in particular, because of its role in the multiple (seven) phospho- 
rylations of p47’. The respiratory burst activity can be induced directly 
by phorbol ester and in this case the level of phosphorylation of p47P>« 
matches the level of respiratory burst activity. Conversely, compounds 
that inhibit PKC prevent the respiratory burst.!*”!8 It is also reduced by 
50% in neutrophils obtained from mice that fail to express PKCB(I+ID, 


yeh ua 
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assembly of NADPH oxidase phagocytosis 
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Figure 9.19 The role of PKC in activation of the respiratory burst in 
neutrophilic granulocytes. Activation of serum complement and binding of antibodies 
by microbial antigens results in occupation of both Fe-yR and Mac-1. Fc-yR initiates 
activation of PLC, PI 3-kinase and Rac2/Cdc42. Rac determines the activity of the 
NADPH oxidase. PKC phosphorylates p47°'™ and this permits the activation of the 
respiratory burst. PI 3-kinase is also vital to respiratory burst activity but the 
downstream components are not yet resolved. 
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normally located around the phagosome during the process of bacterial 
uptake and killing.: PKCB(I+ID is also associated with p47°"™ (see Table 
9.3) and this is necessary for the phosphorylation of further substrates. In 
individuals having the autosomal form of CGD due to the deletion of 
p47 the PKC necessarily loses its way.'*° Finally, addition of fully phos- 
phorylated p47?» to reconstituted NADPH oxidase enables electron 
transport to occur; the non-phosphorylated form does not.!*° = 


Here, however, is where the story runs into the sand. Surprisingly, the The respiratory burst can be 


only serine residue that is vital to respiratory burst activity, Ser-379, is not reconstituted in vitro by 


phosphorylated by PKC.!*! Serine to alanine mutations of any of the other 


addition of p47°'™ and 
p67°"™ to a membrane 


PKC phosphorylation sites still allow full respiratory burst activity in fraction of neutrophils, 
reconstituted NADPH oxidase systems. Secondly, stimulation of neu- together with GTP-y-S, 


trophils with formylmethionyl peptides (see Chapter 15) causes phos- 


NADPH with arachidonic 
acid or the detergent sodium 


phorylation of p47°'™ to an extent that does not match respiratory burst dodecyl sulphate. 
activity." Thirdly, the respiratory activity induced by addition of highly 
phosphorylated p47™% to the other components of NADPH oxidase, is 

but a fraction of that which can be maximally obtained by the addition of 

anionic detergents (in the presence of non-phosphorylated p47?) ,1°182 


In conclusion, PKC and p47°'™ play important roles in the regulation of 


respiratory burst activity but the precise way in which they interact 
remains far from clear. 
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~~ Growth factors: Setting 
the framework 


The trails that led to the discovery of the growth factors (and related mes- 
sengers) are very different from those that revealed the first hormones 
and neurotransmitters. For a start, people knew, more or less, what to look 
for and where to go looking and, in general, the tale is somewhat less 
romantic and less fraught with angst and vehement disagreements. 

However, what began with a simple search for factors that would sus- 
tain living cells in laboratory conditions has expanded into a plethora of 
subject areas which are subjects in their own right. These include inflam- 
mation, wound healing, immune surveillance, development and carcino- 
genesis. To confront this bewildering prospect we first set out some 
details of how it evolved initially so that the reader is aware of how the 
major questions developed and have been confronted. A difficulty arises 
from the convergence of different disciplines, each bringing with it the 
baggage of its favoured nomenclature. We return to this matter at the end 
of this chapter. 


® Viruses and tumours 


The first report of a tumour linked to a virus appeared in 1908, when Eller- 
mann and Bang obtained a filterable agent from a chicken leukaemia and 
were able to make six passages of it, from fowl to fowl, producing the same 
disease each time.* Their report was generally disregarded. Leukaemia 
was not considered to be a tumour, though as should have been evident 
from the work of Aldred Warthin (Figure 10.1), first reporting in 1904,5° a 
link between leukaemias and tumours, and hence cell growth and prolif- 
eration, had already been established: 


These conditions are comparable to malignant tumors. The formation of 
metastases, the infiltrative and destructive growth, the failure of inoculations 
and transplantations etc., all favor the view that they are neoplasms, and 
present the same problems as do the malignant tumors. 


For the ultimate in aggressive 
rivalry and claims to primacy 
in hormone discovery, 
coupled to barely restrained 
personality conflict, see 
Nicholas Wade's accounts of 
the discovery by Roger 
Guillemin and Andrew 
Schally of thyrotropin 
releasing factor and other 
hypothalamic peptides.'~ 


Francis Peyton Rous 
(1879-1970) shared the 
1966 Nobel Prize for 
Physiology or Medicine 
for his discovery of 
tumour-inducing viruses. 


Sarcoma A form of cancer 
that arises in the supportive 
tissues such as bone, 
cartilage, fat or muscle. 
Carcinoma A malignant 
new growth that arises from 
epithelium, found in skin or, 
more commonly, the lining of 
body organs, for example: 
breast, prostate, lung, 
stomach or bowel. 
Carcinomas tend to infiltrate 
into adjacent tissue and 
spread (metastasize) to 
distant organs, for example: 
to bone, liver, lung or the 
brain. 
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Figure 10.1 Stained blood smear from a leukaemic fowl. 

In December 1905, there came into my hands a Buff Cochin Bantam hen showing signs of 
illness in the way of indisposition to move about and a general weakness of a progressive 
character. No symptoms of ordinary fowl diseases were present ... Examination of blood 
smears showed, however, a great increase of white cells of the large lymphocyte type ... 
A diagnosis of leukemia was therefore made ... A great variety of staining methods were 
used, including the most recent methods for the staining of spirochetes and protozoan 
parasites ... No evidence of the existence of any infective agent could be obtained.‘ 
Note that avian red blood cells (yellow stain) are nucleated. 


More than 20 years were to pass before the leukaemias were eventually 
recognized as being tumours or neoplastic diseases. 

In 1910, Francis Peyton Rous described a chicken tumour, identified as 
a sarcoma, that could be propagated by transplanting its cells, these then 
multiplying in their new hosts giving rise to tumours of the same sort.’ 
The cells yielded a virus, now known as Rous sarcoma virus (RSV), from 
which, in 1980, the first protein tyrosine kinase, v-Src, was isolated.®° 
Writing at the end of his career in 1967, Rous” gives an apt description of 
how things were done: 


Those were primitive times in the raising of chickens. They were sold in a New 
York market not far from the institute, and many individual breeders brought 
their stock there. Every week F. S. Jones, a gifted veterinarian attached to my 
laboratory, went to it, not only to buy living chickens with lumps which might 
be tumors, but any that seemed sickly and had a pale comb, as perhaps having 
leukemia. Thus within less than four years we got more than 60 spontaneous 
tumors of various sorts ... 
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E The discovery of NGF... and EGF 


Among the fractions that | assayed in vitro the following day, there was one con- 
taining snake venom. Having not been told which of the fractions had been 
specially treated, | was completely stunned by the stupendous halo radiating 
from the ganglia. | called Stan in without telling him what | had seen. He looked 
through the microscope's eyepieces, lifted his head, cleaned his glasses which 
had fogged up, and looked again. ‘Rita’, he murmured, ‘I'm afraid we've just used 
up all the good luck we're entitled to. From now on, we can only count on 
ourselves’.... Events were to prove him wrong. 


Nerve growth factor (NGF) may perhaps be regarded as the first identified 
growth factor, but there were many early clues hinting at their existence. 
The embryologist Hans Spemann (Nobel Prize, 1935) had described the 
eponymous ‘organizer’ that directs the creation of the antero-posterior 
axis in the gastrula stage in the development of the amphibian embryo. 
This work had clearly indicated that soluble factors made by the 
embryonic cells must be instrumental in regulating cell proliferation and 
differentiation.'$ 

Rita Levi-Montalcini’s affair with growth factors had its origin at that 
time, when, dismissed from her university post by the Nazi racial edicts, 
she determined to continue on alone. She had been alerted to the work of 
Spemann by an article written by one of his protégés, Viktor Hamburger. 
He described the concept of the inductive reaction of certain tissues on 
others during early development. In particular, he cited the effect of ablat- 
ing the embryo limb buds of chicks upon the reduction in the volume of 
the motor column and the spinal ganglia responsible for the innervation 
of the limbs. The idea was that the failure of the cells to differentiate and 
to develop is due to the absence of an inductive factor normally released 
by the innervated tissues. She aimed to understand how the excision 
of non-innervated tissue could affect differentiation and subsequent 
development. 

Confined to working in her bedroom, she made use of just the most 
basic materials and instruments needed for histological investigation. In 
her examination of this problem, Levi-Montalcini found that nerve cell 
differentiation proceeds quite normally in the embryos with excised 
limbs, but that a degenerative process (what we would now call apopto- 
sis: see Apoptosis, page 335) commences as soon as the cells emerge from 
the cord and ganglia appear at the stump of the amputated limb.'* It 
appeared to her that the failure to develop was best explained by the 
absence of a trophic factor. 

In 1946, she sailed for the USA in the company of Renato Dulbecco (see 
below), a friend from her student days. She was destined for St Louis, he 
for Bloomington. Intending to pay a brief visit of a few weeks to the labo- 
ratory of Viktor Hamburger, she remained there for 30 years. The work 
that led eventually to the discovery of NGF had its origins in the observa- 
tion by a late student of Hamburger’s, Elmer Beuker. He had had reported 
that fragments of an actively growing mouse tumour, grafted on to chick 


Stanley Cohen and Rita 
Levi-Montalcini, awarded 
the Nobel Prize, 1986, “for 
their discoveries of growth 
factors” 


The quotations in this section 
are taken from In Praise of 
Imperfection, My life and work 
by Rita Levi-Montalcini''). 

A facsimile collection of 
Levi-Montalcini’s major 
papers, with annotations by 
the author, is presented in 
reference [12]. 
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embryos, caused a great ramification of nerve fibres into the mass of 
tumour cells.'® Seeking advice and encouragement, he suggested that the 
tumour generated conditions favourable for the differentiation of the 
nerve cells which was reflected in the increased volume of the ganglia. 
Repeating the experiment, Levi-Montalcini describes the extraordinary 
spectacle of seeing bundles of nerve fibres passing between the tumour 
cells like rivulets of water flowing steadily over a bed of stones. In no case 
did they make any connection with the cells, as is the rule when fibres 
innervate normal embryonic or adult tissue. Later she describes how the 
sympathetic fibres invaded the embryonal viscera, even entering into 
lumen of the venous, but not the arterial blood vessels so that the smaller 
veins were quite obstructed. 


The penetration of the nerve fibers into the veins, furthermore, suggested to 
me that this still unknown humoral substance might be exerting a neurotropic 
effect, or what is known as a chemotactic directing force, one that causes nerve 
fibers to grow in a particular direction... . Among these, | guessed, was 
undoubtedly also the humoral growth factor that the cells produced. This 
hypothesis would explain this most atypical finding of sympathetic fibers gain- 
ing access inside the veins. ... Now, with the hindsight of the nearly forty years 
gone by since those moments of keenest excitement — it appears that the new 
field of research that was opening up before my eyes was, in reality, much 
vaster than | could possibly have imagined. 


It was clearly necessary to develop an in-vitro assay. These were early 
days in the field of cell culture and it took the best part of 6 months to 
develop a practical method that could be used as the basis for measuring 
the biological activity of fractions in protein purification. Only then was 
the point reached when a biochemical approach could usefully be 
applied in the pursuit of NGK the name by which the factor became 
known shortly after. 


‘Rita’, Stan said one day, ‘you and | are good, but together, we are wonderful’. 


After a year’s intense work, they had narrowed down the factor as a nucle- 
oprotein, though Stanley Cohen suspected that the nucleic acid compo- 
nent was likely to be a contaminant. On the advice of Arthur Kornberg, he 
applied an extract of snake venom as a source of nuclease activity with the 
aim of removing nucleic acids, present as an impurity in their material. To 
their great surprise this yielded a preparation that enhanced neuronal 
growth still further. It emerged that the snake venom alone was active."’ 
Making the connection between venom and saliva, they tested mouse 
salivary glands and found that this too is an excellent source of NGF activ- 
ity. (If they had been able to purchase purified nuclease enzyme, the 
course of the discovery must surely have been prolonged.) 

Later, Cohen discovered a new phenomenon that ‘was destined to 
become a magic wand that opened a whole new horizon to biological 
studies’. A contaminating factor was present that caused precocious 
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Figure 10.2 An early demonstration of the effects of EGF. Thickening of the 
epidermal layer in skin explants from chick embryos after 3 days in culture.'® 


growth in epidermis (Figure 10.2). It was later discovered that it also had a 
powerful proliferative effect on connective tissues and it became clear 
that there is a link between the mechanisms that control normal prolifer- 
ation and neoplastic growth. 

Since, under culture conditions, the stimulus to proliferate could not 
involve systemic or hormonal influences, Cohen called the new protein 
epidermal growth factor (EGF).!*!° Later, it was shown that mouse EGF 
enhances DNA synthesis in cultured human fibroblasts. It was also found 
that EGF is similar to uragastrone, a peptide that had been isolated from 
human urine and recognized by pharmacologists because of its ability to 
inhibit gastric acid secretion.2® Out of 53 residues in the amino acid 
sequence, 37 share a common location and the two polypeptides have sim- 
ilar effects on both gastric acid secretion and the growth of epidermal cells. 

All this now paved the way for a more molecular approach using iso- 
lated cells. It was found that rat kidney cells, transformed with the Kirsten 
sarcoma virus (see Chapter 4) fail to bind EGE This down-regulation, 
which is due to internalization of the receptor, is caused by the elevated 
expression and release of EGF by the cells themselves (an autocrine 
mechanism of feedback regulation). The possibility that internalization 
might be a necessary step initially found many adherents, but it became 
apparent that the transduction mechanism emanates from events at the 
plasma membrane. In particular, ligand binding directly induces phos- 
phorylation (on tyrosine residues) of a membrane protein, later shown to 
be the EGF receptor (EGF-R) itself.” This was an important breakthrough 
because tyrosine kinase activity had already been associated with virus- 
induced sarcomas (the v-src gene product). Thus, a firm link was estab- 
lished between neoplasia and the physiological regulation of cellular 
growth. 

Further evidence for the role of growth factors in tumour generation 
came with the revelation that the avian erythroblastosis virus oncogene, 
v-erb-B, codes a product having similarities with the EGF receptor. 


Alexis Carrel was awarded 
the Nobel Prize 1912'in 
recognition of his work on 
vascular suture and the 
transplantation of blood 
vessels and organs’. He 
tarnished his reputation by 
his association with the 
eugenics movement, calling 
for the establishment of 
institutions equipped with 
‘appropriate gases’ in order 
to eliminate the insane. He 
gave enthusiastic support to 
the Vichy government during 
World War Il and after the 
liberation of France he was 
charged for collaboration 
with the Nazi occupiers. He 
died before his case came to 
trial. 


Figure 10.3 A 50-day- 
old culture of 
connective tissue. 
‘Active tissue is encircling 
a piece of old plasma’ 
From Carrel, ref.23. 
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Indeed, it became apparent that the transformation derives from inappro- 
priate acquisition from the (cellular) c-erb-B gene, of a truncated receptor, 
lacking the binding site for EGF and which is constitutively activated.” 

The development of this field has generated much excitement but also 
frustration. It has been exciting because it has yielded a good under- 
standing of cell transformation and growth factors, and frustrating 
because it has become clear that cancer cells do not readily lend them- 
selves as specific targets for drugs. The main impetus behind these stud- 
ies was that non-mammalian genes might be the cause of disease. The 
hope was to discover targets which might be exploited to kill tumour cells 
selectively, for example the products of the viral genes. We now realize 
that these are initially hijacked from the mammalian genome itself, then 
inaccurately transcribed by sloppy DNA or RNA polymerases in the virus 
which then offers them back to the host upon infection. Apart from this, 
the large proportion of human tumours are of non-viral origin, arising as 
a consequence of tumour-promoting substances, radiation, etc. 


E Platelet derived growth factor 
In 1912 Alexis Carrel” reported a number of experiments having the 
purpose: 


to determine the conditions under which the active life of a tissue outside that 
of the organism could be prolonged indefinitely. 


When he tried to maintain tissues for a few days in a simple buffered salts 
solution, the cells lost their growth capacity and then their viability. It was 
supposed that the senility and death of the cultures was due to the accu- 
mulation of catabolic substances and exhaustion of essential nutrients. 
Continuous and more rapid growth was achieved by supplementing the 
solution with diluted plasma, and then, from time to time, submerging 
the tissue in serum for a few hours. Interestingly, the notion that the cells 
might require specific factors present in the serum never appears to have 
crossed Carrel’s mind. In conclusion, he wrote that 


fragments of connective tissue have been kept in vitro in a condition of active 
life for more than two months. As a few cultures are now eighty-five days old 
and are growing very actively, it is probable that, if no accident occurs, the life 
of these cultures will continue for a long time (Figure 10.3). 


About 40 years later, Temin and Dulbecco, working independently, set 
out to define the precise requirements for cell culture with respect to 
amino acids, vitamins, salts (together, Carrel’s ‘nutrients’) and, import- 
antly, growth factors. 

Their ambition to culture cells arose from their interest in the role of 
viruses in cell transformation and tumour formation. Thus an important 
landmark was the finding that the requirement for serum is drastically 
reduced in cells infected with tumour viruses. They proposed that trans- 
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formation might occur as a result of the enhanced capacity of tumour 
cells to respond to the proliferation signals present in the serum. 

An important turning point was the discovery that serum (the soluble 
component of clotted blood) supports growth and proliferation. Plasma 
merely allows survival and, over a period of about 2 days, cells become qui- 
escent (arrested at the G, stage of the cell cycle). Serum contains the prod- 
ucts of activated platelets suggesting that they might have a necessary role 
in the provision of growth factors. In 1974, Russell Ross showed that factors 
extracted from platelets can induce quiescent smooth muscle cells to syn- 
thesize DNA,” and in the same year, Kohler and Lipton obtained a similar 
result with mouse 3T3 fibroblasts. Platelet derived growth factor (PDGF), 
derived from blood platelets could propel the quiescent cells into the cell 
cycle S-phase. 

With the purification of PDGF from human platelets,”® the question of 
how it acts could be faced. PDGF exists as a disulphide-linked dimer, so 
that binding automatically causes the crosslinking of two receptors. This 
constitutes the signal for activation.” Subsequently, it was found that the 
oncogene of the simian sarcoma virus (v-sis) is homologous to the gene 
coding for PDGE”*° Here was another clear link between a growth factor 
and a tumour virus. This time however, the signal to uncontrolled cell pro- 
liferation is due to excessive production of growth factor, rather than 
expression of a constitutively activated receptor. Furthermore, v-sis 
causes cell transformation in primates.*! 

The mechanisms by which an oncogene might cause a tumour were 
becoming clearer. Here is another example of a mammalian gene, surrep- 
titiously borrowed by a virus, then mutated or mutilated. On return to the 
host by infection, it causes cell transformation and tumour formation. 


E Transforming growth factors 


The transforming growth factors TGFa and TGF were originally isolated 
from the conditioned medium of a virally infected mammalian fibroblast 
cell line, 3T3. These are proteins that can bring about transformation of 
phenotype. The discovery of the TGFs followed some years after the first 
reports and descriptions of EGF and it derives particularly from the 
research undertaken in the laboratory of George Todaro.” 

TGFa, although quite distinct from EGF with respect to amino acid 
sequence, binds to the EGF receptor and signals cells in a similar fashion 
(see Chapters 11 and 16). A related factor isolated from these tumour cells, 
TGF, which does not compete with the binding of TGFa or EGE can 
nevertheless induce transformation when provided with either of these 
two factors. Importantly, TGFB is a normal cellular product and the find- 
ing of high quantities in blood platelets and its release during blood coag- 
ulation established a clear link with PDGE* 

In screening the transforming effect of TGFB in numerous tumours, 
there was an unexpected finding. Depending on the cells and the condi- 
tions, TGFB can either promote or suppress cell growth and transforma- 
tion. It cooperates with TGFa and EGF to cause cell transformation. On 
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the other hand, it inhibits colony formation in cells derived from human 
tumours. It appears that its effects are a function of the total set of 
growth factors and their receptors that are operational at a given time.*4 
In addition, TGFB plays a number of key roles in the process of tissue 
remodelling and wound healing.” It induces the production of 
fibronectin and collagen and thus regulates the deposition of the cell 
matrix, itself a key determinant of cell growth (see Chapter 14). 


E Problems with nomenclature 


As must be evident, nomenclature in this area is arbitrary, to say the least. 
Some growth factors were named after the cells from which they were first 
isolated, others from the cells which they stimulated, yet others from the 
principle action that they appeared to perform.* In immunology we hear 
of interleukins and colony stimulating factors. These direct the matura- 
tion and proliferation of white blood cells. In virology, we have the inter- 
ferons that ‘interfere’ with viral infection and in cancer research we have 
tumour necrosis factor (and its relatives) that can influence the growth of 
solid tumours. In each discipline it seemed that these factors functioned 
mainly in the category in which they first came to light. Of course, we now 
know that some growth factors have actions totally unrelated to growth. 
For instance, PDGE released from platelets at sites of tissue damage,” not 
only supports the growth of fibroblasts, smooth muscle cells and glial 
cells, but also acts to regulate the distribution and migration of vascular 
smooth muscle cells and fibroblasts in wound healing.* 

To add further complexity to an already complex situation, the condi- 
tions in which the cells are studied can determine the cellular response, 
for instance the presence of other factors, other cells, attachment to sub- 
strates. A good example of this is TGF. As its name implies, this emerged 
as a factor enhancing cell transformation, but we now recognize that it 
can inhibit cell proliferation?’ and that it is a very potent chemotactic fac- 
tor for neutrophils* and fibroblasts.” It has been proposed that a com- 
mon name for these factors should be cytokines.** 

While offering no clues to their various actions, this definition repre- 
sents a move towards coordinating our understanding of their roles as 
first messengers. The unity of the cytokines is a concept as important as 
that of the hormones, defined by Bayliss and Starling nearly 90 years ago 
(see Chapter 1). However, while the pharmacology of the hormones has 
been so extensively (some might say exhaustively) investigated, for the 
protein (growth) factors, this area remains relatively unexplored. Atten- 
tion here is firmly concentrated on intracellular events. 


E Essay: The cell cycle 
™® Stages of the cell cycle and random transitions 


The cell cycle is the set of cellular events that occur in sequence, tak- 
ing a cell from division to division (mitosis). Progression through the 
cell cycle determines the rate of proliferation. Growth, repair and 
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maintenance of organisms all rely on the regulation of the cycle: 
defects in regulation lie at the root of a number of diseases including 
cancer.” 

The cell cycle is conventionally divided into four phases (Figure 10.4): 


DNA integrity, cell size, presence of nutrient and 
growth factors are checked in preparation for 
synthesis 

replication of DNA 

integrity of replication checked 

cell division 


G, (gap phase 1) 


S (synthesis) 
G, (gap phase 2) 
M (mitosis} 


As first described, the cell cycle seemingly comprised two stages, mito- 
sis (visible under the microscope) and interphase. With the realization 
that DNA is the carrier of genetic information, the cycle gained an S 
phase, during which DNA synthesis occurs. This was understood to be 
preceded and then followed by the gap phases, G, and G,. However, the 
word gap is a misnomer. Now we recognize that both G, and G, represent 
important checkpoints and are as busy as the other phases of the cycle. 
Indeed, growth factors have their main activity on cells in G,, when their 
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Figure 10.4 A general plan of the cell cycle. The cell cycle is described as a 
sequence of phases. The defining events of M phase, chromosome segregation and 
mitosis, can be visualized under the microscope. In most mammalian cells dividing under 
normal circumstances, this takes about | hour. The phases G,, S and G, comprise the 
interphase. DNA replication is confined to the S phase, a stage that takes 6 hours. 
During G, and G,, the so-called gap phases, the cell carries out many tests (checkpoints) 
that determine the commitment to proceed to S or M. The transition points A and Q 
represent points of hesitation; progress is halted for an undefined period and this has the 
effect of introducing a stochastic element into the duration of the cell cycle. When the 


conditions of growth are unfavourable, for instance inhibition due to cell contact or a lack 


of growth factors, the cell cycle arrests in G,. 
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presence is required for a number of hours. A sufficient stimulus drives 
the cycle to the G, checkpoint (formerly ‘start’ or ‘restriction’ point), at 
which the cells become committed to a round of replication.“ Here, the 
cells consider the state of their DNA, their mass and the provision of nutri- 
ents. On emergence, they are committed to continue until they achieve 
the next G,. From here on, removal of growth factors is without effect. If 
defects in DNA replication are recognized, the cycle can be arrested at the 
second checkpoint in G,. It can be arrested again at metaphase by the 
spindle checkpoint that prevents the segregation of chromosomes in 
mitosis if they fail to attach to the spindle or if the spindle is damaged. In 
the absence of a sufficient stimulus, the duration of G, extends indefi- 
nitely and the cells become quiescent, entering a phase indicated as G, 
Cells that are insensitive to growth factors are said to be senescent. 

Although the term cell cycle seemingly indicates an ordered, even pre- 
dictable, series of events, random processes also make contributions. 
There are two transition points, A and Q, that occur during G, and G, 
respectively. At these points progress is halted for an undefined period of 
time. Emergence from these transition points is a stochastic process and 
this accounts for variation in cell cycle duration, even of sibling cells 
under the same conditions (Figure 10.4). 


™ Molecules that drive the cell cycle 


The procession of events culminating in cell division is largely explained 
by the sequential expression of the cyclins (Figure 10.5). These proteins 
act not only to initiate the successive phases of the cell cycle, but also in 
the termination of the preceding phases. In this way they determine its 
forward impetus.***’? The cyclins exert their actions through association 
with and activation of cyclin-dependent protein kinases (CDKs). The gen- 
eral idea is that the cyclins are expressed cyclically (although this does not 
apply to cyclin D) while their partner CDKs are always present. 


cyclinE cyclinA cyclinB 


Figure 10.5 Driving the cell cycle. Progress through the cycle is largely controlled by the sequential generation of 
cyclins that associate with cyclin dependent-protein kinases, the CDKs. Cyclins D and E associate with CDK4 and 
CDK2 respectively and drive the cell through the G, phase. They prepare the cell for DNA replication, a process that 
requires phosphorylation of RbI 10 (retinoblastoma protein). Cyclin A associates with CDK2 and drives the cell 


through the S phase and cyclin B associates with CDKI and determines the time of onset of mitosis. 
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Bc , phase 

The main function of the cyclins that operate in G, is to inactivate mem- 
bers of the pocket-protein family (Rb110, p107 and p130) (Figure 10.6). 
These then liberate the transcription factors E2F (six members, E2F1-6). 
Inactivation of the pocket-proteins can be achieved through phosphoryl- 
ation and, in the case of p107, by the binding of cyclin E/CDK2.* E2F is 
bound to DNA in association with another transcription factor DP-1. The 
liberated E2F/DP-1 transcription factors induce expression of cyclin E 
and cyclin A, necessary for the passage through G,, and they regulate the 
transcription of genes implicated in DNA replication. They are therefore 
essential for the onset of the S phase. 

The commencement of the cell cycle coincides with production and 
stabilization of cyclin D.* The D-type cyclins, (three isoforms D1, D2, D3) 
bind to CDK4 or CDK6. They are activated by phosphorylation in their 
catalytic loops by the CDK-activating kinase, CAK. 

CAK itself is composed of a cyclin and cyclin-dependent protein kinase, 
cyclinH/CDK7. The D-type cyclins act to integrate the cell cycle machin- 
ery with extracellular signals (Figure 10.7). Ras-mediated (see Chapter 11) 
and focal adhesion-mediated (see Chapter 13) signalling pathways both 
induce the expression of D-type cyclins, prevent their breakdown, medi- 
ate their association with CDK4 or CDK6 and control their translocation 
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Figure 10.6 Inactivation of pocket-proteins allows entry into S-phase. 
Inactivation of RbI 10 prepares the system for DNA replication. Cyclin D/CDK4 
phosphorylates RbI 10, thereby liberating the transcription factor E2F and cyclin E/CDK2 
associates with Rb107 to obtain a functionally active E2F. The transcription factor E2F 
associates with DP-| and together they drive expression of cyclin E, cyclin A and genes 
having products that are necessary for the replication of DNA. 
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Figure 10.7 Control of cyclin D expression and activity. The D-type cyclins act to 
integrate extracellular signals with the cell cycle machinery. Signals mediated by Ras and 
PKB enhance both the transcription rate of cyclin D and its lifetime. The accumulating 
cyclinD/CDK4 complex is activated through phosphorylation of CDK4 by CDK-activating 
kinase (CAK). The fully active complex now drives the progression through the G, phase 
of the cell cycle. 


into the nucleus.°°*? Over-expression of cyclin D1 curtails the duration of 
G, but does not prevent the onset of quiescence that normally occurs in 
the absence of growth factors." The cyclin D/CDK¢4 (or 6)-activated com- 
plex phosphorylates and inactivates Rb110 and p107 and so liberates E2F 
(Figure 10.6). Following the early induction of D-type cyclins in G,, they 
remain elevated, only diminishing at the time of mitosis. 

Expression of cyclin E follows activation of cyclin D/CDK4 (or 6) and it 
associates with CDK2 (Figure 10.6). The cyclin E/CDK2 complex also 
phosphorylates Rb110 or associates with p107 and drives the cell through 
the second part of the G, phase. It has been proposed that functional inac- 
tivation of Rb110 is only achieved after sequential phosphorylation by the 
complexes containing cyclin D and cyclin E.** Both cyclin D/CDK4 (or 6) 
and cyclin E/CDk2 are necessary for the induction of cyclin A. 


Ms phase 

The S phase is dominated by the action of cyclin A in association with 
CDK2. The cyclin A/CDK2 complex most probably acts in parallel with 
members of the E2F family to regulate expression of genes necessary for 
DNA replication (Figure 10.6). Their presence is indispensable throughout 
S phase, which indicates that they not only play a role in activation of 
gene expression but also in the activation, through phosphorylation, of 
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the components that are involved in the replication of DNA. This process 
takes about 6 hours to complete. CyclinA/CDK2 is implicated in the 
expression of several genes including 


e dihydrofolate reductase, needed for the synthesis of purines (dATP, 
dGTP) 


e thymidilate synthase, necessary for the synthesis of pyrimidines (the 
conversion of (UMP to dTMP) 


e DNA helicase, which opens the double helix 


e topo-isomerase, which breaks open one of two strands of DNA to 
facilitate the role of DNA helicase 


e DNA polymerase, which replicates the two strands of DNA 


e histones H1, H2, H4, needed for the assembly of the newly synthe- 
sized DNA into nucleosomes. 


E G, phase 
Finally, there is expression of cyclin B (two isotypes, B1 and B2). Its com- 
plex with CDKI1 (also known as Cdc2, the complex known as maturation 
promoting factor, MPF) prepares the cell for mitosis (Figure 10.8). 
Progress through G2 is tightly regulated by the phosphorylation of 
CDK1. Its activation requires phosphorylation in the catalytic loop, again 
catalysed by CAK and further phosphorylation by kinase Myt1 (Thr-14) 
and Weel (Tyr-15), then causes inactivation. 
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Figure 10.8 Cyclin B and preparation of mitosis. The complex cyclinB/CDK| (also 
known as MPF) prepares the cell for mitosis. Its activity is positively regulated by 
phosphorylation of Thr-161 by CAK, and negatively regulated by phosphorylation at 
Thr-14 by Mytl and Tyr-15 by Weel. Kept in an active state by the dual-specific 
phosphatase Cdc25 during G,, the complex promotes condensation of DNA, disassembly 
of the nucleus and the rearrangement of the tubulin cytoskeleton but also prevents 
premature cytokinesis. Inactivation by Weel and Myt! initiates the onset of chromosomal 
segregation and its abrupt destruction terminates the mitotic phase. 
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This can be counteracted by the dual specificity phosphatase Cdc25. Of 
the three isoforms of this phosphatase, Cdc25B and Cdc25C are impli- 
cated in the G2/M transition (Cdc25A plays a role in the G, phase).°°°¢ 
During progression through G, and until the metaphase in mitosis, the 
phosphatase activity of Cdc25 prevails, to maintain the active state of 
CDK1. 


E Mitosis 

M phase encompasses the two key events of nuclear and cytoplasmic 
division (mitosis and cytokinesis). The activity of the cyclinB/CDK1 com- 
plex is required for condensation of DNA (resulting in the formation of 
chromatids), depolymerization of lamin (disassembly of the nuclear 
envelope) and the rearrangement of the tubulin cytoskeleton (formation 
of kinetochore- and polar microtubules). 

The substrates of cyclinB/CDK1 include: 


e histones H1 and H3, involved in chromosome condensation 
e nucleolin, involved in decondensation of chromatin 
e lamin, causing depolymerization of the lamin nuclear-cytoskeleton 


e HsEg5, a kinesin-related motor protein associated with centrosomes 
and the spindle apparatus 


e the regulatory light chain of myosin II (LC20), thereby inhibiting 
actin-dependent myosin ATPase; this may delay segregation of the 
condensed chromosomes until anaphase *”°* 


e the anaphase promoting complex/cyclosome (APC/C). Phosphoryla- 
tion of APC/C permits the subsequent activation by one of its sub- 
units, Cdc20 eventually resulting in the degradation of cyclin B at 
telophase.” 


At the onset of anaphase the protein kinases Myt1 and Wee] inactivate 
the cyclinB/CDK1 complex. Simultaneously there is a peak in the activity 
of the ubiquitin ligase-APC/C-complex (see point 5 below). The mecha- 
nism that activates this complex is still hazy but two regulatory events can 
be discerned. The first of these is the de novo synthesis of two of its sub- 
units Cdc20 and Cdh1 (Figure 10.9b). The second is the phosphorylation 
of the core components of APC/C itself and one of its subunits, Cdh1, 
through mitotic kinases (though not all of these have been identified). 

In the first instance the APC/C—Cdc20 complex causes the destruction 
of Pds1.® It is believed that it also initiates the destruction of cyclin B. 
Degradation of Pds1 is a key event in the metaphase-to-anaphase trans- 
ition because it enables the segregation of the chromatids. Pds1 is local- 
ized at the kinetochore, the site of microtubule-chromatid attachment, 
and it regulates the activity of a complex of proteins, collectively named 
cohesin. This holds the sister chromatids together (Figure 10.10). Once 
Pds1 is degraded, the cohesin complex dissipates providing the opportu- 
nity for the kinetochore-microtubules to wrench the sister chromatids 
apart.®6 
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Figure 10.9 Ubiquitin. Proteins are marked for destruction by attachment of ubiquitin at a lysine residue in their 
‘destruction box’ and are degraded by the 26S proteasome. Regulation occurs through two enzyme complexes, SCF 
and APC/C, each comprising several subunits and each having its own selected substrates. 

(a) In the case of SCF (complex of SkpI, cullin and F-box protein), protein phosphorylation at specific residues 
constitutes the targeting signal. The phosphorylated protein binds the F-box protein and ubiquitination, catalysed by the 
El and E2 subunits, follows. This ubiquitin ligase complex mainly destroys those components of the cell cycle that regulate 
progression through the G, phase. (b) In the case of APC/C, its phosphorylation and the expression of the Cdc20 or Cdh| 
subunit constitutes the targeting signal. These subunits bind different substrates that are subsequently ubiquitinated by 
the El and E2 subunits. This ubiquitin ligase complex has an important role in the ordered destruction of proteins 
regulating progression through G, and M phase. 
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Figure 10.10 Segregation of chromatids requires the destruction of Pds!. 
Sister chromatids are held together during metaphase by a complex of proteins. This 
includes cohesin which is localized at the kinetochore, the site of attachment of tubulin 
with the chromatids. Pds| stabilizes the cohesin complex. The activation of APC/C-Cdc20 
causes ubiquitination of Pds| followed by its destruction. This in turn causes the 
dissociation of the cohesin complex so that the sister chromatids are now available for 
transfer to the opposing centrosomes by the kinetochore microtubules. 
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When this is completed, at telophase, the M phase terminates with the 
appearance of a second ubiquitin ligase complex, APC/C-Cdh1. This time 
cyclin B and PIk1 are targeted and their degradation signals the exit from 
mitosis (Figure 10.9). 

Total cyclin B destruction is necessary for the formation of the actin 
purse-string which is placed perpendicular to the mitotic spindle and 
which divides the cytoplasm into two compartments (cytokenesis). It is 
also necessary for the disassembly of the mitotic spindle and to allow 
cells to re-replicate their genome in the next cell cycle. The logic behind 
the sequential activation of the two different APC/C-complexes is to 
ascertain that the sister chromatids are well and truly separated before 
exiting mitosis. Moreover, the total elimination of cyclin B only at the 
very end of the cell cycle, when cytokenesis is inevitable, protects the cell 
against polyploidy. Provided a sufficient stimulatory signal is present, the 
cells now commence the next cycle with the activation of cyclin D/CDK4 
(or 6). 


™ Policing the drivers of the cell cycle 


Thus far the description of the cell cycle has been rather straightforward, 
relating the events initiated by growth factors and adhesion molecules 
and which follow in a well-ordered sequence. Within the strict context of 
signal transduction this suffices; however, the cycle is of course much 
more complicated than this. First of all, not all ‘growth factors’ promote 
growth and some (depending on the cells, the conditions, etc.) can better 
be described as differentiation factors. The high level of complexity also 
originates from the fundamental principle that the integrity of the genetic 
code must be maintained from generation to generation. Errors must not 
be passed on to progeny. Therefore an extensive communication circuit 
has evolved that links the state of the DNA with the checkpoints of the cell 
cycle. Anomalies are immediately detected and progression through the 
cycle can be slowed or, to make quite sure, the cell can be handed a loaded 
gun (to die, by the mechanism of apoptosis). 

In the next section we deal with a number of feedback mechanisms that 
constitute the check-points of the phases S, G, and M. Although this can- 
not be described strictly as signal transduction, the role of signal trans- 
duction in cell transformation can only be understood in the context of 
the complex regulation of the cell cycle. The unrestrained signalling 
events initiated by a truncated growth factor receptor or constitutively 
activated Ras only have their disastrous consequences if ‘permissive’ 
changes have also occurred in the control of the cell cycle (see also 
‘Cancer and transformation’, page 246). 


E CDK inhibitors 

The activity of the cyclin-dependent kinases is regulated not only by their 
phosphorylation state and by expression of the cyclins but also by the 
presence of cyclin-specific kinase inhibitors (CKIs). These can be subdi- 
vided into two families, INK4 and KIP/CIP. 
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Members of the INK4 family (p15'N**8, p16N**4, p184N"C and p19N**P) 
bind to CDK4 and CDK6, preventing their association with cyclin D.°*® 
They inhibit progression through the cycle only in the presence of a func- 
tional Rb110. From this it appears that they act to prevent its phosphoryl- 
ation through inhibition of CDK4 and CDK6 (Figure 10.11). The INK4 
inhibitors are appropriately described as tumour suppressors. P16!N** is 
frequently mutated or deleted in tumours and p16" knock-out mice are 
highly susceptible to carcinogens. Cells derived from these animals pro- 
liferate rapidly and attain high densities in monolayer cultures.*’ The 
onset of growth inhibition of epithelial cells or keratinocytes by TGFB1 
(see Chapter 14) correlates with an increase in the expression of p15!NK*8,6 

The KIP/CIP inhibitors (p21“4F"/C?!, p27*'?! and p57*') function as het- 
erotrimeric complexes with CDKs and cyclins (Figure 10.11). They 
inhibit the activity of most of the cyclin/CDK complexes but have their 
greatest affinity for cyclin E/CDK2. For cyclin D/CDK4 and cyclin E/CDK2 
the binding of p27”! prevents phosphorylation so preventing activation 
of the cyclin-dependent kinase. p21°'?!/“"! also interacts with the tran- 
scriptional machinery through binding to proliferating cell nuclear anti- 
gen (PCNA), a DNA polymerase implicated in DNA replication and 
repair.” ’! Because of its interaction with all CDKs and its capacity to halt 
DNA replication, this particular inhibitor can arrest or slow down the cell 
cycle in G, S and G,. 

The discovery of the KIP/CIP family of cell cycle inhibitors arose from 
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Figure 10.11 Inhibition of cyclin-dependent kinases. The CDKs can be locked in 
an inactive state through the binding of cell cycle inhibitors. These can be broadly divided 
into two families: (a) Those that bind to the CDK itself and prevent association with the 
cyclin. These are members of the INK family, for instance p!5'N“8 binding to CDK4. 

(b) Those that bind to the complex of CDK and its kinase and prevent activation by 
CAK. These are members of the KIP family, for instance p27*""' binding to CDK4/cyclinD. 
In sufficient amounts, these inhibitors will draw the equilibrium towards the inactive state 
and bring the cell cycle to a halt. 
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Retinoblastoma affects one in 
every 15000 live births and is 
the third most common 
cancer affecting children. The 
tumours originate in the 
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body including the eye and in 
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the genome, is a 
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four independent lines of research. A search for proteins implicated in the 
repression of DNA synthesis in senescent SD11 fibroblasts yielded SD 
inhibitor-1 (SD1). A search for proteins induced by the tumour suppres- 
sor p53 yielded WAF-1.” A search for proteins interacting with CDKs 
yielded CIP1. We now know that these are one and the same and that 
p21'P!waF! is a transcriptional target of p53 that interacts with CDKs to 
slow down the cell cycle (although p53 can achieve this in other ways). 
Finally, the p27 kinase-inhibitory protein KIP-1 emerged from cells 
treated with TGFB1.% It has become clear that other members of the 
KIP/CIP family can also be induced by TGFB1, the choice depending on 
cell type, so that not all cells are responsive. The expression of p27*'”! is 
elevated in cells undergoing terminal differentiation’ or slowing down 
division in response to cell-cell contact.” While mutations in p21W^F/cP 
are not associated with human cancer, abnormally low levels of p27*”! 
frequently are.” 

Members of the INK4 and KIP/CIP families compete with each other 
and with cyclins for binding to cyclin-dependent protein kinases. The 
general idea is that the amount of active cyclin-dependent protein kinase 
(i.e. the total amount of kinase coupled to a cyclin, minus the amount of 
kinase coupled to an inhibitor), determines the rate of progression 
through the cell cycle (Figure 10.11). 


™ Rb and p53; tumour suppressor proteins 

The Rb protein was first identified as the product of a gene that is deleted 
in patients with retinoblastoma, a tumour originating in the retina.” As 
mentioned above, the Rb protein is a member of the family of nuclear 
pocket-proteins that bind and inactivate the E2F transcription factor and 
prevent cells from entering S phase. Inactivation of the Rb gene was later 
found to occur in numerous other tumours. In the absence of Rb, cells 
enter into S phase more readily and they do not require the normal array 
of extracellular growth signals conveyed upon the expression and activa- 
tion of cyclinD/cdk4 in order to proceed. 

p53 was identified as a protein that binds to simian virus 40 (SV40} and 
to adenovirus proteins implicated in cell transformation.” It is expressed 
throughout the cell cycle but, because it is rapidly degraded, its level is 
normally kept low. It is a nuclear protein having a number of functions. As 
a transcription factor it is a regulator of cell cycle progression and apop- 
tosis. Genomic alterations result in its phosphorylation, protecting it 
against degradation, and causing its activation. The nuclear accumula- 
tion of the active transcription factor induces expression of the cell cycle 
inhibitor p21”, which can arrest cell cycle progression at any stage. It 
can also induce apoptosis through the expression of the pro-apoptotic 
Bax proteins and by causing elevated expression of a binding protein 
(IGF-BP3) that blocks the survival signal of IGF-1. 

How a cell decides whether to commit suicide or to slow down the cell 
cycle and repair its DNA remains unknown. As an exonuclease, p53 
directly participates in the repair of damaged DNA. This it does without 
an apparent need for activation, as would be required for its transcrip- 
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tional activity. p53 probably exerts this task as a component of a multi- 
protein complex comprising other enzymes involved in proof-reading 
and DNA repair, such as the tumour suppressors BRCA1, hMSH2 and 
DNA polymerases a and £.°° 

Because of its importance in controlling the integrity of DNA, p53 has 
been described as the ‘guardian of the genome’."' Viral oncogenes, such as 
the large T-antigen of SV40 virus, bind to p53 resulting in its inactivation. 
Others, such as the E6 protein of papilloma virus, act to accelerate its 
degradation. In many tumours, p53 is highly expressed but mutated, and 
in consequence it fails to perform its role as an exonuclease. This results 
in genetic instability, uncontrolled mismatches and translocations, thus 
enhancing the frequency of somatic mutations and ultimately resulting in 
cancer. 


™ Control of DNA integrity 
Genes implicated in DNA repair have been studied through mutation 
analysis of Saccharomyces pombe. When exposed to UV or ionizing radia- 
tion, pombe normally arrests in G, to allow repair of its DNA. Radiation 
sensitive (rad) mutants were selected that failed to arrest and then die as 
a consequence of the DNA disarray. A human homologue of one of the 
affected Rad genes, hRad9, is involved in the control of DNA integrity. It is 
part of a protein complex having exonuclease activity that associates with 
DNA (similar to p53) and most likely acts to verify its integrity and ‘report’ 
damage to the cell cycle machinery (Figure 10.12).**4 hRad 9 communi- 
cates with ATM, a protein that has the molecular characteristics of a lipid 
kinase, but which actually phosphorylates protein. ATM in turn activates 
the cell cycle checkpoint protein kinases-1 and -2 (Chk-1 and Chk-2).* 

From here two pathways follow (Figure 10.12). Activation of Chkl 
results in the inactivation of the phosphatase Cdc25. As a consequence 
CDK1 becomes phosphorylated on Tyr-15, by Weel, and this renders the 
kinase inactive resulting in a G, block (see Figure 10.8). 

Activation of Chk2 has two consequences: 


e Activation of the tyrosine protein kinase Weel causes phosphoryla- 
tion of CDK1 on Tyr-15 resulting in its inactivation followed by a block 
in G,. 

e Inactivation of the polo-like protein kinase PLK1, implicated in the 
formation of centrosomes, the tubulin organization centres essential 
for the formation of the mitotic spindle. The chromosomes fail to seg- 
regate. Inactivation of PLK] also causes inhibition of APC/C, respon- 
sible for ubiquitin-mediated protein degradation (Figure 10.9). 
Consequently PDS1, an inhibitor of chromosome segregation, is not 
broken down and again the chromosomes fail to segregate (Figure 
10.10). Cyclin B is not broken down and the cells cannot exit anaphase 
(a block in late mitosis). 


In addition, it appears that in mammalian cells, hRad9 induces apopto- 
sis. When hRad9 is activated as a consequence of DNA damage, it binds 
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referred to as ‘microsatellite 
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ATM was discovered as a 
mutated gene implicated in 
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to cancer development. This 
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and a consequent 
accumulation of mutations. 
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Figure 10.12 Components of the G, checkpoint that come into action when 
DNA is incorrectly replicated or damaged. The exonuclease complex Rad!, Hus! 
and Rad9 detects anomalies in DNA and this causes the activation of ATM through 
interaction with Rad9. ATM activates Chk! and Chk2 and from there three pathways 
result in either a G, block, through inactivation of Cdc25 or activation of Weel, or a 
mitosis block, through inhibition of the formation of the centrosome (mitotic spindle) and 
inhibition of APC/C. 


and inactivates the apoptosis inhibitors BCL-2 and BCL-xL (see ‘Apopto- 
sis’, page 335). This makes the cells much more sensitive to pro-apoptotic 
signals and may eventually cause cell death. 


Control of chromatid segregation 

In order to separate, the condensed chromosomes (chromatids) first 
attach to the tubulin filaments as a structure called the kinetochore. This 
attachment is mediated by the cohesin complex. Their functioning is con- 
trolled by yet another complex consisting of Mad1, Mad2, Bub1 and Bub3. 

The general idea is that in case a chromatid remains unattached, and is 
therefore unable to participate in the segregation, Mad2 detaches and 
moves away from the kinetochore. It will bind to the CDC20-APC/C com- 
plex (Figure 10.9) and inhibit its activity (Figure 10.13). This occurs by 
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inhibiting the binding of target proteins to CDC20. As a consequence, the 
segregation inhibitory protein PDS1 is not degraded and remains 
attached to the kinetochore, thus preventing the dissociation of the 
cohesin complex.®’ The two sister chromatids remain firmly attached and 
the cells are blocked in metaphase. 

In most colorectal cancers, and probably in many other cancer types, 
there is a chromosomal instability (CIN) leading to an abnormal chromo- 
some number (aneuploidy). This is consistently associated with the loss 
of function of a mitotic checkpoint and in some cancers it is associated 
with mutational inactivation of the Bubl gene. Cells progress through 
mitosis even though not all of the chromatids are attached to tubulin fila- 
ments and, as a result, the chromosomes become unevenly distributed 
between the daughter cells.* 


™ The CSF and APC ubiquitination machinery 

Thus far we have discussed the role of cyclins, cyclin inhibitors, protein 
kinases, protein phosphatases and transcription factors. An extra element 
of complexity is added through their regulation by proteolysis. Proteolysis 
is well suited to serve as a regulatory switch for unidirectional (irre- 
versible) processes. This principle is clearly evident in the organization 
of the cell cycle, where initiation of DNA replication, chromosome 
segregation, and exit from mitosis are all triggered by the destruction of 
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Figure 10.13 Components of the metaphase checkpoint. Defective attachment of chromatids to the 
kinetochore-microtubules is reported by Mad2 through detachment from the kinetochore complex and association 
with the APC/C-CDC20 ubiquitin ligase complex. Substrate no longer has access to the CDC20-subunit and 
destruction of cyclin B or Pds| does not occur; the cell cycle stagnates in metaphase. Transmission microscope image 
illustrates the metaphase to anaphase transition of the higher plant Haemanthus (Scadoxus). Microtubules are stained 
red and chromosomes are counterstained with toluidine blue. Courtesy of Andrew Bajer, Department of Biology, 


University of Oregon. 
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key regulatory proteins. This occurs through the machinery of the 26S 
proteasome that destroys proteins ligated with ubiquitin. Ubiquitin, a 73- 
residue polypeptide is attached to a lysine in the ‘destruction box’ motif of 
the targeted protein. The process is carried out by the sequential action of 
three enzymes, the ubiquitin-activating enzyme E1, a ubiquitin-carrier 
protein E2 and a ubiquitin-protein ligase E3. The E3 component exists in 
two forms, the SCF-and the APC/C-complex (Figure 10.9). 

The SCF complex, so called because of the presence of Skp1, Cullin 
(Cdc53) and the F-box (CDC4) protein, mainly acts in the G, and S phases 
of the cell cycle. For ubiquitination to occur, the substrate must first be 
phosphorylated at specific residues, allowing recognition by the F-box 
protein. The SCF complex adds several ubiquitin groups to the substrate 
that then detaches, to become a target for the proteasome 26S. Several 
substrates are targeted for destruction in G, and S, including Weel (pro- 
tein tyrosine protein kinase that inactivates CDK1), cyclin E (to prevent 
cells restarting a G1 without having passed through S phase), p21““"/"?, 
p27*” and p57*'? (three inhibitors of CDK1 that have to be removed in 
order to pass through G,). 

The APC/C complex acts mainly in the G, and S phases (Figure 10.8). 
Recognition and enzyme activation occurs through the regulatory sub- 
units Cdc20 and Cdh1 and substrates attached to these subunits will be 
ubiquitinated (Figure 10.9). It is believed that destruction is controlled 
largely through the regulation of expression of these subunits, although 
phosphorylation of components of the core enzyme also plays an impor- 
tant role. For instance, in early mitosis, expression of Cdc20 rapidly 
increases in order to destroy Pds1, which normally inhibits segregation of 
the chromatids (and thus blocks the metaphase to anaphase transition). 
Later in mitosis, levels of Cdh1 rise rapidly causing the destruction of 
cyclin B and Plk1,so allowing the cells to complete mitosis and commence 
a new cycle. 


a Essay: Cancer and transformation 
™ The essence of cancer 


The essence of cancer is that cells run out of control. They no longer 
respond correctly to the demands and influences of the environment in 
which they exist. Cancer in a particular tissue manifests itself by an 
increased cell mass which we describe as a tumour, meaning a swelling. 
The acquisition of cell mass is a consequence of new growth (neoplasm). 
In some cancers the primary tumour gives rise to the dissemination of 
cells that invade other tissues to form secondary tumours (metastasis). In 
addition, cancer cells tend to be poorly differentiated. As a consequence, 
they can lose their capacity to carry out the normal functions of the tissue 
from which they are derived, or they may take on an entirely inappropri- 
ate function (ectopic tumour). This means they may either fail to produce 
important factors or produce wrong factors in overwhelming excess. 
Under the microscope, cancerous cells are typically characterized by an 
enlarged nucleus with a very large nucleolus, less cytoplasm and generally 
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™ Definitions 


From the Shorter Oxford English Dictionary (third edition, 1944, with cor- 
rections 1977): 


Cancer (kze'nsaz), sd. ME. [L. cancer (can- 
crum) crab, also gangrene. OE, cancer, cancor, 
helped by Norman Fr. cancre, gave ME, CAN- 
KER. The L. form was re-introduced later for 
techn. use.] 1.Acrab. (Now Zool.) 1562. b. 
Med. An eight-tailed bandage 1753. 2. Astron. 
a. The Zodiacal constellation lying between 
Gemini and Leo, b. The fourth of the twelve 
signs of the Zodiac (9%), beginning at the 
summer solstitial point, which the sun enters 
on the 21st of June ME, g8. Pathol. A malig- 
nant growth or tumour, that tends to spread 
and to reproduce itself; it corrodes the part 
concerned, and generally ends in death. See 
also CANKER. I601. Also fig. t4 A plant: 
perh. cancer-wort -1609. 

a. Tropic of C.: the northern Tropic, forming a 
tangent to the ecliptic at the first point of C is 
decidedly a hereditary disease Rosrrrs, fig. Sloth is 
a C., eating up..Time Ken, Cond, (in ‘sense 3) C.e 
root, Conopholis (Orobanche) americana and Epi- 
phegus virginiana; Wort, Linaria spuria and L. 
Elatine; also the genus Veronica. 


Canker (kze'nka), só. OE. [a. ONF. cancre 
:—L. cancrum crab, also gangrene, See CHAN- 
CRE.) 1. An eating, spreading sore or ulcer; a 
gangrene, Used as=Cancer till ¢ 1700, Now 
spec. A gangrenous affection of the mouth, with 
fetid sloughing ulcers; canker of the mouth, or 
waterc. b. Farriery, A disease of a horse's 
foot, with a fetid discharge from the frog. 32. 
Rust. Now dial. 1533. 3. A disease of plants, 
esp. fruit trees, attended by decay of the bark 
and tissues 1555. 4. A canker-worm ME, 5. 
The dog-rose (Rosa canina). Now local, 1582. 
6. fig. Anything that frets, corrodes, corrupts, 
or consumes slowly and secretly 1564. 

1, No cankar fretteth flesh so sore 1559. 4. Cankers 
in the muske rose buds Suaxs, $, 1 Hen, /V,1 iii, 
176, 6, Enuie which is the c. of Honour Bacon. 

Comb.: C.berry, the fruit of the dog-rose ; also the 
plant Solanurnt: bahamense; -bloom, the blossom of 
the dog-rose; -blossom, a canker (sense 4); also 
£s- -Tash, a form of scarlet fever in which the throat 
1s ulcerated; -rose, {a.) the Dog-rose; (é.) the wild 
poppy (Papaver Rhzas), 


from the On-line Medical Dictionary (http://www.graylab.ac.uk/omd): 


Cancer. The first historical description of this condition was in relation to breast carcin 
oma. This is now a general term for more than 100 diseases that are characterized by 
uncontrolled, abnormal growth of cells. Cancer cells can spread locally or through the 
bloodstream and lymphatic system to other parts of the body 


altered morphology. Cancer cells are often more rounded than their nor- 
mal counterparts and there is generally less contact between them and 
their neighbours. 

Most tumours develop in stages, going from benign to malignant. This 
is the result of a sequence of mutations that gradually enhance the sensi- 
tivity of the cells to growth factor signals, reduce the requirement of 
cell-cell and cell—-matrix contact and render cells insensitive to the signals 
that determine programmed cell death (see ‘Apoptosis’, page 335). This 
change in phenotype is also called transformation and so cancerous cells 
are often called transformed cells. The classification benign tumour 
means that there is an increase in the number of cells (hyperplasia, there 
may be a lump), but that the normal functions and morphology are 
retained. Importantly, there is no infiltration of other tissues, particularly 
the lymph nodes draining the areas in the vicinity of the tumour. By con- 
trast, malignancy refers to the loss or perversion of normal physiological 
function, altered morphology and infiltration of other tissues, including 
metastasis. 


™ Alterations dictating malignancy 


Malignancy is a consequence of interplay between the transformed cell 
and its environment. In order for cells to proliferate in excess and to dis- 
seminate, they acquire new functions and they also induce the collabora- 
tion of the surrounding tissue.® For instance, transformed cells release 
angiogenic factors that induce the formation of new vasculature.” Sur- 
rounding tissue also provides activators of metalloproteinases that cause 
the matrix degradation necessary for tissue invasion.” 

Fully transformed cells possess one or more of the following character- 
istics: 


e They may not require an exogenous growth signal. In culture condi- 
tions, this means that the provision of serum is no longer required. It 
also means that the cells no longer have to adhere to an extracellular 
matrix; they can grow in soft agar. They also grow well in athymic 
(nude) mice. 


e They may be insensitive to growth-inhibitory signals. For cells in cul- 
ture, this means that proliferation of cultured cells continues beyond 
the point of formation of a tight monolayer. It also means that cells 
have become insensitive to the cell cycle checkpoints in G,, G, and 
mitosis. 


e They can evade programmed cell death (apoptosis). This means that 
these cells have an in-built rescue mechanism. 


e They have limitless replicative potential. Normal cells can undergo 
about 50 divisions. This is because progressive erosion of the telo- 
meres (several thousand repeats of 6 base-pair sequence elements) 
results in exposure of chromosomal ends. When the telomeres are 
exhausted, chromosome fusion ensues, causing nuclear chaos, cell 
senescence and cell death. By contrast, tumour cells can continue to 
divide without limit. 
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They can induce angiogenesis. During their development, tumours 
undergo a so-called angiogenic switch enabling them to induce the 
formation of new vasculature. This provides them with nutrients and 
oxygen and allows them to disseminate. Of course, dissemination is 
only possible when they have also acquired the capacity to survive 
when detached from the extracellular matrix (see Chapter 14). 


They may invade other tissues (metastasis). This is the ultimate con- 
sequence of the preceding alterations. The cells have acquired the 
capacity to detach without dying, to destroy extracellular matrix in 
order to migrate through tissue, to be carried by the lymph or blood- 
stream, to attach and then colonize sites where they would not 
normally survive due to the absence of specific adhesion and growth 
factors. 


™ Genetic alterations at the basis of malignancy 


Cell transformation in cancer is the consequence of mutations of several 
different types, some inherited, some due to environmental factors, 
others due to ageing. Loss-of-function or gain-of-function mutations 
have been found in genes that code for the following. 


Molecules involved in the signalling of growth factors. These are 
either growth factors themselves (c-Sis, PDGF), their receptors (ErbB, 
EGF-R), or their downstream signalling components (Ras) (see 
Chapter 11). 


Molecules involved in the control of the cell cycle (so-called tumour 
suppressors). Most important are the mutations in the retinoblas- 
toma protein (Rb),** the p53 protein or the failure to express p15!N* 
and p15'**8| inhibitors of the cyclin-dependent protein kinases.* 


Adhesion molecules. These are mainly implicated in cadherin-medi- 
ated cell-cell adhesion (cadherin, B-catenin, APC) and integrins (see 
Chapter 14). 

Molecules involved in the rescue from apoptosis. Important here are 
Bcl2 or Bcl-Xl, intracellular inhibitors of apoptosis (see ‘Apoptosis’, 
page 335), and the survival factors IGF-1 or IL-3." 

Molecules involved in the signal transduction pathway that regulates 
cell survival (PTEN) (see Chapter 17). 

Molecules implicated in telomere maintenance. Transformed cells 
up-regulate the expression of the catalytic subunit of the telomerase 
reverse transcriptase (hTERT).° 

Angiogenic factors or their inhibitors: for instance, VEGF, FGF or 
thrombospondin-1.°° 


Cells will normally die rather than allow somatic (non-inherited) alter- 


ations to their genetic code to persist. The natural rate of somatic muta- 
tion (due, for instance, to bombardment by cosmic rays, natural 
environmental carcinogens, etc.) is low and it is unlikely that a tumour 


Unlike human cells, rodent 
cells express telomerase 
activity and as a result, there 
is no erosion of the 
telomeres during ageing. 
Because of this, the loss of 
telomeres does not 
represent a barrier to 
transformation in rodents 
and only two oncogenic 
mutations are necessary to 
cause transformation. 


would ever develop over the decades of a human life. Yet, in western 
Europe and North America, one in three people will develop a cancerous 
growth. Certain mutations create a form of genomic instability that allows 
an enhanced and more generalized mutation frequency. The loss of func- 
tion of the tumour suppressors p53 and Rb or other molecules involved in 
cell cycle control may be crucial here, the cells becoming too eager to 
replicate, failing to halt at the appropriate checkpoints and failing to 
repair their DNA.” From here on things go from bad to worse. 


w Constructing cancer in a dish 


Cells possess mechanisms which protect the organism against the delete- 
rious effects of their possible transformation. The responses that form this 
line of defence are set out in Table 10.1. 

To understand the mechanism of transformation, it is necessary to 
establish its minimal requirements. How may this be achieved? Occasion- 
ally it has been possible to select rare, spontaneously arising immortal- 
ized cells. Alternatively, cells can be transformed by applying chemical 
and physical agents or a virus. These can be said to represent shot-gun 
approaches from which little can be learned. However, in certain human 
cells the imposition of just three mutations are sufficient to generate a 
transformed phenotype.” 


¢ High telomerase activity to maintain telomere size and allow unlimit- 
ed replication. Achieved by inserting the gene (hTERT) that codes for 
the catalytic subunit of the enzyme. 


e An anti-tumour suppressor activity in the form of a viral oncoprotein 
(SV40 large-transforming antigen, Large T). This disables the function 
of p53 and Rb, preventing arrest of the cell cycle in G,, and enables the 
cells to evade apoptosis. 


e A proliferative signal provided by a constitutively active form of Ras 
(V12G). 


The sequence in which these mutations are applied is important.” The 
enhanced activity of telomerase is rather easily accepted by the cells, 
whereas an excessive growth factor signal is not. The genetic construction 
of a transformed human cell line was achieved by inducing telomerase 


Table 10.1 Defences against transformation 


Contingency Consequence 
Loss of contact with the extracellular matrix Apoptosis 
Damage to DNA Arrest in G 
Defects in replication Arrest in G, 
Failure of DNA repair Apoptosis 


Excessive proliferation signals Senescence or apoptosis 


Loss of telomeres (after about 50 cell divisions) Senescence and apoptosis 


Growth Factors: Setting the Framework 


hTERT 
increased telomerase activity 


Sv40, large T 
loss of cell cycle suppressors 


and protection against apoptosis 


vRas 
excessive proliferative signal 


Figure 10.14 Construction of a transformed cell line. 


activity first, then large-transforming antigen and lastly Ras (see Figure 
10.14). With just these three oncogenes at hand the cells continue to pro- 
liferate and to grow well in soft agar or in the immunodeficient nude mice. 
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Signalling pathways 
operated by receptor 
protein tyrosine kinases 


E The tyrosine kinase family 


It is estimated that the human genome will reveal more than 400 tyrosine 
kinases, a single family of proteins, possibly accounting for as much as 1% 
of the genomic DNA. Although they are absent from yeasts and proto- 
zoans,! molecules related to the receptors for EGF and for insulin, having 
integral catalytic domains, have been identified in marine sponges. It has 
been suggested that the insulin receptor-like molecules evolved before 
the Cambrian explosion and contributed to the rapid appearance of the 
higher metazoan phyla.” With respect to the transduction of signals from 
cell surface receptors, there are two main classes of protein tyrosine 
kinases (PTKs). Here we consider those that exist as integral domains of 
transmembrane receptors. In the following chapter we discuss the non- 
receptor PTKs that are present in the cytosol or are plasma membrane- 
associated and that can be recruited to receptors. 


™ Spotting phosphotyrosine 


Here is another turning point in science that owed as much to chance as 
to the application of a well-prepared mind. This involved Tony Hunter 
and the discovery of tyrosine phosphorylation of proteins associated with 
malignant transformation. He was interested in identifying the trans- 
forming antigens of the tumour-causing polyoma virus, of which the 
main component is the so-called middle T-antigen. A report that the 
src-gene product (v-Src) was associated with protein kinase activity? 
prompted the question of whether other tumour virus gene products 
might also possess phosphorylating activities and that this might under- 
lie cell transformation. It became apparent that infection with the poly- 
oma Virus induces extensive phosphorylation of cellular protein, but that 
the transforming protein, middle T-antigen itself, also becomes phospho- 
rylated. After proteolytic digestion of **P-labelled protein, the labelled 


Polyoma virus: Originally the 
Ludwik Gross parotid virus, 
found by Stewart and Eddy 
to induce a wide spectrum 
of tumours after inoculation 
into immunologically 
immature newborn mice. 
This, and later the monkey 
tumour virus SV40, 
revolutionized the field of 
tumour virology. 


Since the phosphate-tyrosine 
bond is comparatively 
resistant to alkali, the 
detection of tyrosine 
phosphorylation was 
simplified by treating 
2P-labelled cellular extracts 
with | mol/l NaOH. More 
recently antibodies have been 
developed that specifically 
recognize a phosphate- 
tyrosine epitope and this of 
course makes detection of 
tyrosine phosphorylation a 
very clean affair. The creation 
of antibodies having 
specificity for individual 
phosphoprotein-specific 
epitopes is now a business in 
its own right. 
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Figure I 1.1 Separation of phosphotyrosine from phosphoserine from 


phosphothreonine by paper electrophoresis. Courtesy of Tony Hunter. 


residues, presumed to be phosphoserines and phosphothreonines, were 
separated by electrophoresis. Unexpectedly, all of the label was confined 
to a new spot, now known to be due to phosphotyrosine (Figure 11.1). In 
a sense this discovery was accidental. It is common practice when carry- 
ing out electrophoretic procedures to re-use the buffers on subsequent 
occasions. Eventually, the pH must alter, the anodic buffer becoming 
more acidic and the cathodic buffer becoming more alkaline. Had the pH 
1.9 electrophoresis buffer been freshly prepared, the separation of phos- 
photyrosine would not have occurred. In the event, it had become more 
acidic, pH 1.7, so the phosphotyrosine migrated more slowly and was sep- 
arated from the phosphothreonine. 


E v-Src and other protein tyrosine kinases 


With electrophoresis now carried out intentionally at pH 1.7, various 
other labelled protein digests were tested and it was found, unexpectedly, 
that v-Src can phosphorylate tyrosine residues on a range of quite unre- 
lated proteins. This identified v-Src as a protein tyrosine kinase. Phosphor- 
ylation on tyrosine represents an authentic physiological process. This 
was confirmed by the finding that whereas labelling in non-transformed 
cells occurs almost exclusively on serines and threonines, in **P-labelled 
Rous sarcoma virus-transformed cells, phosphorylated threonine, serine 
and tyrosine residues are present in almost equal amounts. 

It was also found that the transforming protein of the Abelson murine 
leukaemia virus (v-Abl) becomes labelled on a tyrosine residue when 
incubated in vitro with **P-ATP® The target in this case is the tyrosine 
kinase itself, an example of autophosphorylation. Importantly, a second 
look at the phosphorylation status of the EGF receptor (see Chapter 10) 
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showed that the labelling due to stimulation occurs on tyrosine, not 
threonine residues as previously reported. A link between tyrosine 
phosphorylation and cell proliferation/transformation had been made. 


E| Other processes mediated through tyrosine phosphorylation 


Tyrosine phosphorylation is not limited to the actions of the transforming 
viruses or growth factors. It regulates a number of important signalling 
processes including: 


e cell-cell and cell-matrix interactions through integrin receptors and 
focal adhesion sites’ (see Chapter 14) 


e stimulation of the respiratory burst in phagocytic cells, such as neu- 
trophils and macrophages’ 


e activation of B lymphocytes by antigen binding to the B cell receptor? 


e activation of T lymphocytes by antigen-presenting cells through the 
T cell receptor complex (TCR) (see Chapter 12) 


e the receptor for interleukin-2!!-” 


e the high-affinity receptor for immunoglobulin E (IgE) on mast cells 
and basophils (see Chapter 12).!% 


Here, we focus on the signal transduction pathway initiated by binding 
of the growth factors EGF and PDGF to their receptors. We will describe a 
number of principles that also apply for other tyrosine kinase containing 
receptors. 


E Tyrosine kinase-containing receptors 
E Crosslinking of receptors causes activation 


Tyrosine kinase containing receptors come in several different forms. 
They are unified by the presence of a single membrane-spanning domain 
and an intracellular tyrosine protein kinase catalytic domain. The extra- 
cellular chains vary considerably, as illustrated in Figure 11.2. A general 
feature is that ligand binding results in dimerization of the receptors. In 
addition to activation by peptide ligands, some (but not all) of the func- 
tions of the EGF receptor can be elicited by crosslinking with anti- 
bodies.'*'® Crosslinking of receptors by growth factors can be achieved 
in a number of ways. Platelet derived growth factor (PDGF) is itself a 
disulphide-linked dimeric ligand which crosslinks its receptor upon bind- 
ing. When it binds to its receptor, crosslinking is automatic. EGE a 
monomeric ligand, changes the receptor conformation in the extra- 
cellular domain allowing the occupied monomers to recognize each 
other. The activation signal is, of course, more complicated than this. For 
instance, the insulin receptor is a dimeric molecule, already crosslinked by 
default, yet it still requires the attachment of a ligand to become activated. 
For activation of all the receptor functions, not only must the receptor 
molecules be brought together as dimers, but they must also be oriented 
correctly in relation to each other.'*'” 
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Figure 11.2 Classification of receptors containing tyrosine protein kinase. All 
these receptors possess a single membrane-spanning segment and all of them incorporate 
a kinase catalytic domain, in some cases interrupted by an ‘insert’. The extracellular 
domains vary as indicated. Some of these receptors exist in various isoforms: FLT |, fms- 
related tyrosine kinase receptor for vascular endothelial growth factor (VEGF); PDGF-R, 
platelet-derived growth factor receptor; EGF-R, epidermal growth factor receptor; INS-R, 
insulin receptor; NGF-R, nerve growth factor receptor; FGF-R, fibroblast growth factor 
receptor. Adapted and extended from Kavanaugh and Williams.'® 


Dimerization allows the kinase activity of both intracellular chains to 
encounter target sequences on the other, linked receptor molecule. This 
enables the intermolecular cross-phosphorylation of several tyrosine 
residues (Figure 11.3). The phosphorylated dimer then constitutes the 
active receptor. It possesses an array of phosphotyrosines which enable it 
to bind proteins (adapters and enzymes) bearing SH2 domains (see below 
and Chapter 18) to form receptor signalling complexes'® (Figure 11.4). 
Additionally, the dimerized and phosphorylated receptor has the poten- 
tial of phosphorylating its targets. 


™ Assembly of receptor signalling complexes 


The formation of signalling complexes has been studied in a number 
of ways. 
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Figure |1.3 Activation of the EGF receptor. On occupation by its ligand EGF, the 
EGF-R forms a dimer and this induces a change in the conformation of the cytoplasmic 
domain that reveals its latent tyrosine protein kinase activity. This phosphorylates the 
tyrosine residues on the linked receptor molecule (interphosphorylation). The dimerized, 
phosphorylated molecule constitutes the catalytically active receptor. 
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Figure | 1.4 Formation of receptor signalling complexes. Activated EGF or PDGF 
receptors (EGF-R or PDGF-R) associate with effectors, including enzymes (PLCy, GAP, 
etc.) or adaptor proteins (p85"**"*, Grb2, etc.) to form receptor signalling complexes. 


™ By measurement of enzyme activity, the generation of second messengers and 
analysis of tyrosine phosphorylated substrates 

The activated receptors for EGF and PDGF stimulate PLCy. This results in 

the generation of DAG and IP,, leading within seconds to the activation of 

protein kinase C and a rise in the concentration of intracellular free 

Ca?* 2022 All of these can be measured. Furthermore, PLCy itself becomes 

phosphorylated on tyrosine residues (see Chapter 5), indicating that 


Gag Glycosylated antigen, 
the gene encoding the ~ 
internal capsid of the viral 
particle. 

Crk C10 regulator of 
kinase. This is a good 
example of how viruses mess 
about with genes, resulting in 
chimaeric proteins in which 
viral Gag sequences are 
fused to cellular protein 
CrkL. The mammalian cells 


it interacts directly with the catalytic domain of the receptor. Activation 
of the receptors for PDGF and insulin also causes activation of 
phosphatidylinositol 3-kinase (PI 3-kinase). This phosphorylates 
phophatidylinositol-4,5-bisphosphate (PIP,) forming phosphatidylinosi- 
tol-3,4,5-trisphosphate (PIP,), a signalling lipid (see Chapter 13). In 
addition, a number of serine-threonine kinases also become activated. 
These include ribosomal S6-kinase (implicated in protein synthesis), 
Raf-1 kinase (see below) and mitogen activated protein kinase (MAP 
kinase) (see below). Most importantly, the monomeric GTPase, Ras, 
becomes activated.” It changes from the GDP-bound state (inactive) to 
the GTP-bound state (active). 


a By detecting the association of proteins with activated receptors 

To investigate the specific interactions of activated receptors, cells pre- 
labelled with *°S-methionine are stimulated and then solubilized with 
detergent. The receptors, together with any associated proteins, are pre- 
cipitated using an anti-receptor antibody. The associated proteins are 
detected by gel electrophoresis and autoradiography. Identification is 
achieved by microsequencing, immunoblotting and other techniques. 
This was how the associations of protein tyrosine kinase receptors with 
Ras-GAP, PLCy and PI-3-kinase were originally demonstrated.”””* Using a 
similar approach, but with cell lysates and purified receptors, it was 
shown that a subunit (p85) of PI-3 kinase binds to the PDGF receptor.” 


™ By studying protein associations in a cell-free system: cloning of receptor targets 
Proteins expressed by a lambda-phage library in a bacterial host are 
screened for binding to the cytoplasmic domain of a receptor, labelled 
with °**P-phosphate. The relevant bacterial clones are identified using 
autoradiography and the DNA sequence of the phage insert is deter- 
mined. This was the way in which the associations of the EGF receptor 
with Grb2 (growth factor receptor binding protein-2) and the p85-subunit 
of PI 3-kinase were discovered.*° 


® Src homology domains and the formation of receptor signalling complexes 


Having established the formation of receptor signalling complexes, it was 
important to establish how these proteins interact with the tyrosine phos- 
phorylated receptor. The answer came from p47%8-«'k, a transforming pro- 
tein identified as a gene product of a chicken sarcoma virus. 

Although its amino acid sequence fails to reveal any catalytic centre, 
p47se* still appears to enhance the extent of tyrosine phosphoryla- 
tion.*!* Its structure is dominated by the presence of domains closely 
resembling the SH2 and SH3 domains present in the Src protein (the 
structures of the Src homology domains are described in Chapter 18). 
When isolated from cell lysates, p4788* was recovered in association 
with phosphorylated proteins and non-receptor tyrosine protein 
kinases.” In combination with the tyrosine protein kinase v-Abl and a 
substrate, p130S, it increases the degree of phosphorylation from one to 
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several residues (Figure 11.5). The finding that the enhancement of phos- 
phorylation fails if the SH2 domain of p4788«* is removed gave the first 
indication that SH2 domains function to regulate protein interactions in 
a manner dependent on the presence of phosphotyrosine.*? We under- 
stand that p47e8- acts as an adaptor molecule, linking the phosphory- 
lated substrate p130°S to the protein tyrosine kinase and promoting 
further, multiple phosphorylations. The human homologue of the viral 
p478-"k protein is CrkL. Sequence analysis of proteins that bind to tyro- 
sine phosphorylated receptors has shown that many, but not all of them, 
contain SH2 domains. Others contain protein tyrosine-phosphate bind- 
ing domains, PTB, quite distinct from SH2 but equally able to recognize 
tyrosine phosphorylated residues situated in particular amino acid 
sequences. 

The assembly of signalling complexes depends on the recruitment by 
tyrosine phosphorylated receptors of other proteins, adaptors and 
enzymes, having such SH2 or PTB domains. 

Further evidence for a role of SH2 domains in transmitting the signals 
due to PTKs came from the finding that only the y isoforms of PLC are 
directly activated by these receptors.” Significantly, PLCy, but not the B 
and 6 isoforms, possesses SH2 domains (see Chapter 5 for a discussion of 
the PLC family). There are many other proteins containing SH2 domains 
that associate with receptor PTKs in the formation of signalling com- 
plexes and a selection of these is illustrated in Figure 11.6. Some of these 
proteins themselves become phosphorylated as a result of this associa- 
tion though it is not clear whether this is always necessary for their acti- 
vation. In the case of PLCy, phosphorylation is certainly necessary. 

Of the variety of adapters and enzymes that interact with EGF and PDGF 
receptors, some appear to bind more tightly than others, exhibiting sen- 
sitivity to the amino acid residues in the immediate vicinity of the phos- 
photyrosines (Figure 11.7). Thus, a particular receptor might transmit its 


(a) (b) 


p47699-Crk 


Figure 11.5 Gag-Crk is an adaptor protein: (a) In the absence of Gag-Crk, v-Abl 
phosphorylates the p130 protein on a single tyrosine residue. (b) The association of 
phosphorylated p130 with p47#*<* facilitates the further phosphorylation of this same 
protein at a number of additional sites. This adaptor function of p47™*<* explains how a 
protein lacking a catalytic domain can nevertheless promote tyrosine phosphorylation. 


express the gene product 
once it is inserted into their 
genome. CrkL is an SH2 and 
SH3 domain-containing 
adaptor protein and is 
implicated in pathogenesis of 
chronic myelogenous 
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Figure | 1.6 Domain organization of proteins that associate with 
phosphorylated tyrosine kinase-containing receptors. Many proteins that 
associate with tyrosine-phosphorylated receptors contain SH2 domains. These recognize 
specific amino acid stretches in the vicinity of phosphorylated tyrosine residues. Unlike 
the enzymes, the adaptors lack intrinsic catalytic activity but serve to link phosphorylated 
receptors with other effector proteins. Some of the proteins presented in this figure are 
discussed elsewhere in this book. 
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Figure |1.7 Recognition of phosphotyrosine and adjacent amino acids by the 
SH2 domain. Selectivity of recognition between different targets containing SH2 domains 
is conferred by the sequence of amino acids, particularly the third residue immediately 
adjacent on the C-terminal side of the phosphorylated tyrosine. As examples: 


PI 3-kinase -x-pY-x-x-M- 
Grb2 -x-pY-x-N-x- 


Sre -x-pY-x-x-l-. 
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signal through a panel of SH2-containing proteins. It remains unclear 
however, if two or more intracellular proteins can bind to a single receptor 
molecule simultaneously. 


E| Branching of the signalling pathway 


A number of signal transduction pathways branch out from the receptor 
signalling complex (Figure 11.8). Two such branches are described in 
detail in the next paragraphs and others are discussed in different 
chapters (PI 3-kinase, Chapter 13; STATS, Chapters 12 and 17). 


[B® The PLCy-protein kinase C signal transduction pathway 


Among the activities set in train by activation of the EGF and PDGF recep- 
tors is the generation of DAG and IP, by PLCy. The DAG remains in the 
membrane and acts as a stimulus for PKC. The consequence is the trans- 
formation of a phosphotyrosine signal through activation of PLCy into a 
phosphoserine/phosphothreonine signal. One of the first substrates of 
PKC is the EGF receptor itself. This becomes phosphorylated on a serine 
residue very close to the transmembrane domain and has the effect of 
inactivating the receptor. 

Although numerous proteins have proved to be substrates of the PKC 
enzymes, we still lack full understanding of how these kinases determine 
the changes in gene transcription that occur after stimulation. As dis- 
cussed earlier (Chapter 9), one consequence of the activation of PKC is 
de-phosphorylation of the transcription factor c-Jun, a component of the 
inducible transcription factor AP-1 (Figure 9.13, page 209). 
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Figure !!.8 Branching of the signal transduction pathways. Following activation of 
receptor PTK, several signal transduction pathways can be activated. Five of these are 
indicated. Further details and abbreviations feature in the following paragraphs and figures. 
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™ The Ras signalling pathway 


™ From the tyrosine kinase to Ras 

For almost 40 years it has been known that infection of rats with murine 
leukaemia viruses can provoke the formation of a sarcoma.*+* A major 
advance was the discovery that the Harvey murine sarcoma virus encodes 
a persistently activated form of the H-ras gene in which valine is substi- 
tuted for glycine at position 12. Expression of this mutant in quiescent 
rodent fibroblasts resulted in altered cell morphology, stimulation of DNA 
synthesis and cell proliferation.** When over-expressed, normal H-c-Ras 
also induces oncogenic transformation? as does micro-injection of the 
mutant protein.*® Conversely, injection of neutralizing antibodies to 
inhibit normal Ras function reverses cell transformation. Stimulation of 
quiescent cells with serum or with growth factors promotes the binding of 
GTP to Ras.” It became apparent that Ras is an important component in 
the signalling pathways regulating cell proliferation, but how this would 
fit into the known pathways emanating from growth factor receptors 
remained unclear for a considerable time. The first clues came from 
genetic analysis of signal transduction pathways that operate in the inver- 
tebrates Drosophila melanogaster and Caenorhabditis elegans. 


E Photoreceptor development in the fruit fly 

The compound eyes of insects are formed of a hexagonal array of small 
units, ommatidia: in the case of the fruit fly, there are approximately 800 
‘small eyes’. Each is composed of 8 photoreceptor cells (R1-R8) and 12 
accessory cells. On the basis of their morphology, order of development, 
axon projection pattern and spectral sensitivity, the photoreceptor cells 
can be classified into three functional classes: R8, the first to appear, 
followed by R1-R6 and then R7. The photosensitive pigment resides in 
a microvillus stack of membranes, the rhabdomere. The larger rhab- 
domeres of cells R1-R6 are arranged as a trapezoid surrounding the rhab- 
domeres of cells R7 and R8, the R8 rhabdomere being located below R7 
(Figure 11.9). The development of R7 requires the products of two genes, 
sevenless (sev) and bride-of-sevenless (boss). The phenotypes generated by 
loss-of-function mutations in either of these genes are identical, R7 fail- 
ing to initiate neuronal development. These mutations are readily 
detected in a behavioural test. Given a choice between a green and a UV 
light, normal (WT) flies will move rapidly towards the UV source." Failure 
to develop cell R7, the last of the photoreceptor cells to be added to the 
ommatidial cluster, correlates with the lack of this fast phototactic 
response, and the flies move towards the green light.” 

The sev product is required only in the R7 precursor, but the boss func- 
tion must be expressed in the developing R8. Cloning revealed the boss 
product as a 100 kDa glycoprotein having seven transmembrane spans 
and an extended N-terminal extracellular domain.” Although ultimately 
expressed on all of the photoreceptor cells, at the time that R7 is being 
specified it is only present on the oldest, R8.* The product of the sev gene 
is a receptor protein tyrosine kinase.“ Evidence for direct interaction 
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Figure 11.9 The sevenless mutation in fly eyes. The events leading to the development of cell R7 in eyes of 
Drosophila have provided a key to understanding the pathway downstream of receptor PTKs. Genes acting downstream 
of the sevenless receptor were revealed by screening for mutations that affect the development of cell R7.The eye of 
the fly is built up of ommatidia, groups of eight photoreceptor cells each covered by a single lens. The drawing 
illustrates the basic anatomy of a single ommatidial unit in longitudinal section. Sections cut at a, b and c are shown in 
transverse section on the right. Since two of the cells, R7 and R8, do not extend the full length of the ommatidial unit, 
the transverse sections b-b and c—c only reveal seven cells, not all eight. The scanning electron microscope image 
shows the geometrical arrangement of ommatidia. The thin sections B and C are both representative of cuts through 
section b-b in the drawing. Note that in B, taken from a wild-type fly, seven cells are evident, whereas in C, taken from 
a fly having the sevenless mutation, there are only six. From Dickson and Hafen.*® 


between the products of these two genes came from the demonstration 
that cultured cells expressing the boss product tend to form aggregates 
with cells expressing sev.” 

It is now understood that the binding of Boss (the ligand) to Sev (the 
receptor kinase) leads to the activation of kinase activity and that this 
ultimately determines the fate of R7 as a neuronal cell. Since a reduction 
in the gene dosage of the fly Ras1 impairs signalling by Sev, and persistent 
activation of Ras! obviates the need for the boss and sev gene products, it 
follows that the activation of Ras is an early consequence of Sev activity." 
Further genetic screens of flies expressing constitutively activated Sev led 
to the identification of two intermediate components of this pathway as 
Drk (downstream of receptor kinases) and Sos (son of sevenless; see column 
1 of Figure 11.10). The Sos protein shows substantial homology with the 
yeast CDC25 gene product, a guanine nucleotide exchange catalyst for 
RAS.“ Although a reduction in the gene dosages of Drk and Sos impairs 
the signal from constitutively activated Sev, there is no effect on signalling 
from constitutively activated Ras. In the pathway of activation, this places 
the functions of the Drk and Sos products into a position intermediate 
between Sev and Ras. The Drk gene codes for a small protein consisting 
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Figure | 1.10 Comparison of signal transduction pathways downstream of a 
tyrosine protein kinase receptor in species of three separate phyla. The striking 
homologies that exist between the genes coding for proteins operating downstream of 
receptor PTKs in very distant phyla enabled the sequence of events downstream of the 
EGF receptor to be elucidated. 


exclusively of Src homology domains, two SH3 flanking a single SH2 
domain (see Chapter 18). Having no catalytic activity of its own, Drk acts 
as an adaptor. It binds to the tyrosine phosphorylated receptor and links 
it to the proline-rich domains of Sos.” 


© Vulval cell development in nematode worms 

In the nematode C. elegans, a similar pathway of activation involving 
autophosphorylation of a tyrosine kinase receptor leads to activation of 
the GTPase Let-60, a homologue of Ras (column 2 of Figure 11.10). This 
determines the development of vulval cells (Figure 11.11). Again, these 
mutants were first identified from genetic analysis of lethal mutations (let, 
lethal mutants), morphological changes in vulval development (sem, sex 
muscle mutants) or alterations in cell lineage (lin, lineage mutants). 
They constitute the components of a signal transduction pathway based 
on Lin-3 (a product of the anchor cell), Let-23 (a tyrosine kinase receptor 
of the p5.p cell) and Sem-5 that associates with a (Sos-like) guanine 
nucleotide exchange protein. This brings about nucleotide exchange on 
Let-3. (Figure 11.10). 

In both nematode and fly, the Ras protein acts as a switch that deter- 
mines cell fate. In C. elegans, the activation of Ras determines the forma- 
tion of vulval as opposed to hypodermal (skin) cells. In Drosophila 
photoreceptors, the activation of Ras determines the development of R7 
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Figure | 1.1! Vulval development in C. elegans. Because it is a relative simple 
structure, formed from just a few cells, the vulva is well suited for the genetic analysis of 
cell differentiation during embryological development. It is the product of just three cell 
lineages, the descendants of cells p5.p, p6.p and p7.p. Development is initiated by a signal 
from the anchor cell that lies adjacent to p6.p. The ligand Lin-3 (a homologue of EGF), 
produced by the anchor cell binds its receptor Let-23 (homologous to the EGF-R) on the 
surface of cell p6.p. Cell p6.p in turn releases signals to its neighbours, p5.p and p7.p. This 
initates a sequence of events involving the MAP kinase pathway that determines the fate 
of these cells as components of vulval tissue. 


as a neuronal as opposed to a cone cell. In both cases, Ras proteins oper- 
ate downstream of receptor tyrosine kinases that are activated by cell-cell 
interactions. 


™ Regulation of Ras in vertebrates 

The elucidation of the Ras pathway in vertebrates was based on the iden- 
tification of proteins having sequence homologies with those present in 
Drosophila and C. elegans (column 3 of Figure 11.10).5°*? Expression or 
microinjection of these proteins (and appropriate reagents such as pep- 
tides, antibodies, etc.) were used to restore or modulate the activity of this 
pathway in cells derived from mammals, flies or worms, bearing loss-of- 
function mutations. A vertebrate protein Grb2 (growth factor receptor 
binding protein 2), lacking catalytic activities but having SH2 and SH3 
domains, was found to be capable of restoring function in Sem-5 deficient 
mutants. In addition, Grb2 was found to associate with a protein that is 
recognized by an antibody raised against the Drosophila protein, Sos. In 
this way the sequence of events became apparent. Grb2 is an adaptor pro- 
tein, linking the phosphorylated tyrosine kinase receptor to the guanine 
nucleotide exchanger in vertebrates (Figure 11.12). The mammalian Sos 
homologue, hSos, is likewise a guanine nucleotide exchange factor which 
interacts with Ras.°* Grb2 is composed exclusively of Src homology 
domains, one SH2 flanked by two SH3 domains. Because of the nature of 
the interaction of SH3 with proline-rich sequences (see Chapter 18) it is 
likely that Grb2 and Sos remain associated even under non-stimulating 
conditions. The main effect of receptor activation is to ensure the recruit- 
ment of the Grb2/Sos complex to the plasma membrane.™ 
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Figure I 1.12 Regulation of the Ras-MAP kinase pathway by receptor protein 
tyrosine kinases. The adaptor protein Grb2, in association with the guanine exchange 
factor Sos, attaches to the tyrosine phosphorylated receptor through its SH2 domains. 
This brings the Grb2/hSos complex into the vicinity of the membrane where it catalyses 
guanine nucleotide exchange on Ras. The activated Ras associates with the serine/threonine 
protein kinase Raf-1. Its localization at the membrane results in activation and subsequent 
phosphorylation of the dual specificity kinase MEK which phosphorylates ERK on both a 
tyrosine and a threonine residue. Dimerization exposes a signal peptide that allows this 
MAP kinase to interact with proteins that guide it into the nucleus (translocation). 


As already pointed out (see Chapter 4), the Ras-GTPase activating pro- 
tein p120°*" also contains two SH2 domains. It too binds to phospho- 
tyrosines on activated receptors and is a component of the signalling 
complex that assembles on activated PDGF receptors (Figure 11.13). It is 
unclear what role the association of GAP plays in signal transduction. For 
instance, cells that express a mutant of the PDGF receptor that fails to 
bind GAP manifest normal activation of Ras.” 


™® From Ras to MAP kinase and the activation of transcription 
The events following the activation of Ras lead to the activation the extra- 
cellular signal regulated protein kinase, ERK. ERK was originally recov- 
ered as a serine/threonine phosphorylating activity present in the cytosol 
of EGF-treated cells and given the name mitogen activated protein kinase, 
MAP kinase. 

It enters the nucleus and is an activator of early response genes. This 
pathway operates quite independently of second messengers and, in 
some cell types, cAMP actually opposes it. There are two intermediate 
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steps and both of these involve a phosphorylation (Figure 11.12). The 
immediate activator of ERK is MEK, MAP kinase-ERK kinase). This most 
unusual enzyme phosphorylates ERK on both a threonine (T) and a tyro- 
sine (Y) residue. These are in the target sequence LTEYVATRWYRAPE 
(Table 11.1), seven residues on the N-terminal side of the conserved motif 
APE, present in the catalytic centre of the kinase. To date, ERK appears to 
be the unique substrate for phosphorylation by MEK, indicating a partic- 
ularly high level of specificity. 

Moving further upstream, the first kinase in the cascade is Raf-1. This 
was initially identified as an oncogene product. The subsequent finding 
that activated Ras recruits Raf-1 to the membrane and in consequence 
brings about kinase activation, links ERK with the Ras pathway.°’°? In the 
activation of Raf-1, it is its recruitment to the plasma membrane, not its 
actual association with activated Ras, that is necessary. Of course, the 
association with Ras is essential under normal conditions.®*! However, a 
mutant form of Raf-1 possessing a C-terminal -Caax box that acts as a site 
for prenylation (see Chapter 4), and which is therefore permanently as- 
sociated with the plasma membrane, instigates the downstream events 
independently of Ras. Accordingly, the role of Ras in the physiological 
situation can be regarded as that of a membrane-located recruiting 
sergeant. 


™ Beyond ERK: activation of early response genes 

As a result of the double phosphorylation, ERK undergoes dimerization 
and the exposure of a signal peptide which enables it to interact with pro- 
teins that promote its translocation into the nucleus. Within, it catalyses 
the phosphorylation of its substrates on Ser-Pro and Thr-Pro motifs. In 
the case of stimulation by EGF and PDGE the activation of ERK is an 
absolute requirement for cell proliferation. The early response genes 
become activated within an hour of receptor stimulation. Their activation 
is transient and it can occur under conditions in which protein synthesis 
is inhibited. Activation of the EGF receptor results in the rapid induction 
of the transcription factor c-Fos, one of the first cytokine-inducible tran- 
scription factors to be discovered.” It occupies a central position in the 
regulation of gene expression. Other early response genes include c-myc 
and c-jun. The promoter region of the c-fos gene contains a serum 
response element (SRE), a DNA domain that binds the transcription fac- 
tors p6758* (serum response factor) and p62" (ternary complex factor). 
Phosphorylation of p62'™ by ERK increases the formation of a complex of 
both transcription factors with the DNA to promote transcription of the 
c-fos gene® (Figure 11.13). 

In the case of stimulation through the EGF receptor, c-Jun is also acti- 
vated by phosphorylation. This occurs at sites quite distinct from those that 
are dephosphorylated as an indirect consequence of PKC activation (see 
above). Expression of persistently activated (oncogenic) forms of Ras (v- 
Ras) activates c-Jun-mediated gene transcription. However, since the pres- 
ence ofa persistently activated form of Raf-1 is without effect on c-Jun, this 
does not appear to occur through the Raf- 1-MEK-ERK pathway. Moreover, 


MAP kinase Mitogen 
activated protein kinase; 
since cloning, referred to as 
ERK, extracellular signal 
regulated kinase. 


Raf Rat fibrosarcoma, also 
called MAP kinase-kinase- 
kinase, MAP-KKK. 


ee 
p62™ was first identified as 
part of a complex of three 
components, together with 
p67S"* and DNA. It was 
therefore referred to as 
‘ternary complex factor’. 


Fos From feline 
osteosarcoma virus. 

Myc The cellular 
counterpart of the 
transforming gene of the 
avian leukosis retrovirus 
MC29. 

Jun From avian sarcoma 
virus-17: we are told that 
junana is |7 in Japanese. 
Note: abbreviations for genes 
are presented in lower case: 
fos, myc, etc. The same 
abbreviations with the first 
letter capitalized indicates 
their respective protein gene 
products. 
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Figure 11.13 Activation of transcription by ERK. Inside the nucleus ERK 
phosphorylates p627" which then associates with p67*** to form an active transcription 
factor complex. This binds to DNA at the SRE. 


c-Jun is poorly phosphorylated by ERK and its activation is more likely to 
be a consequence of phosphorylation by its own, Jun N-terminal kinase 
(JNK, another member of the mitogen activated kinases) (Figure 11.15). 
c-Jun and c-Fos together form the activator protein complex-1 (AP-1) 
which promotes expression of yet another series of genes. 


Regulation of protein synthesis 

It is must be evident that the mitogenic signal initiated by growth factors 
requires an increased rate of protein synthesis and probably also the 
selective translation of specific mRNAs (since not all mRNAs are trans- 
lated at the same rate). Here again, ERK plays a role, initiating ribosomal 
protein synthesis by regulating the binding of the initiation factor-4E 
(eIF-4E) to the cap of the mRNA and to the initiation factor complex (Fig- 
ure 11.14). Activation of ERK results in phosphorylation of eIF-4E at Ser- 
209, though this site is not itself accessible to ERK. Instead, it is Mnk1l 
(MAP kinase-integrating kinase-1), which acts downstream of ERK, that 
links it with the initiation of protein synthesis. Mnk1 does not interact 
directly with eIF-4E, but uses a docking site in its partner, eIF-4G. Associ- 
ation of eIF-4E with the other components of the initiation complex has 
the effect of ironing out a hairpin loop close to the 5’ cap of the RNA 
and this facilitates the association of elF-2.GTP with the small ribosomal 
subunit (40S) and the messenger®™® (Figure 11.14). 

Interestingly, Mnk]1 is the target of some viruses when hijacking cellular 
protein synthesis. A gene product of adenovirus (protein p100) binds 
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Figure !1.14 Activation of protein synthesis by ERK. ERK induces the 
phosphorylation and activation of MnkI which in turn phosphorylates and activates 
elF-4E. This associates with the initiation complex at the poly-A tail of the mRNA and 
effectively irons out the folds in the mRNA, allowing the attachment of the ribosome at 
the start codon, AUG. 


elF-4G and displaces Mnk1 so that it is no longer able to phosphorylate 
and activate eIF-4E. As a result, the cellular mRNA remains untranslated. 
However, the viral mRNA is unaffected and the cell becomes a machine 
for the manufacture of viral proteins. 


™ Termination of the ERK response 

The termination of the signals initiated by growth factors is critical. The 
pathways that terminate the activity of ERK are discussed in Chapter 17 
(page 378). 


© A family of MAP kinase-related proteins 

Once it was cloned, it was apparent that ERK is a member of a substantial 
family of proteins, referred to as MAP kinases. These may be classified 
into three main functional groups. The first of these mediate mitogenic 
and differentiation signals. The other two are associated with cellular 
responses to stress and inflammatory cytokines. They operate in three 
pathways: 
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e The ERK pathway. ERK1 and ERK2 are the prototypic MAP kinases 
described in the previous paragraphs. There are seven members of 
the ERK family (ERK1-—7). However, most of the higher numbered iso- 
forms do not appear to function in the mitogenic pathway. 


e The JNK/SAPK pathway. SAPK stands for stress activated protein 
kinase. Within this class, the Jun N-terminal kinases (JNK) form a sub- 
family (SAPK/JNK1-3). 


e The p38/HOG pathway. HOG indicates high osmolarity glycerol, 
which causes cellular stress in yeast (S. cerevisiae) resulting in the acti- 
vation of this protein kinase. The p38MAP-kinases form another sub- 
family (four members). 


Each of these pathways, shown in Figure 11.15, involves a kinase cas- 
cade resulting in the phosphorylation and activation of the MAP-kinase 
family member. Each contains a dual phosphorylation site, TEY, TPY or 
TGY, the central residue in this motif being characteristic of the class, as 
shown in Table 11.1 It is evident that cells are endowed with parallel path- 
ways of activation, and that these may operate individually or in combi- 
nation to initiate specific patterns of gene expression. Additionally, 
cross-talk between the pathways undoubtedly occurs. 


E MAP kinases in other organisms 
Pathways regulated by MAP kinases are widely distributed and can be 
found in all eukaryotic organisms.’ In S. cerevisiae, physiological 
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Figure !!.15 Parallel pathways to transcription and the MAP kinase family. The 
MAP kinases can be classified into three groups, based on the identity of the intermediate 
residue in their dual phosphorylation motifs (TEY, TGY or TPY). This classification also 
defines three distinct signal transduction pathways indicated as the ERK, the JNK/SAPK 
and the P38/HOG pathways, each having unique protein kinases acting upstream. 
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Table | 1.1 Dual phosphorylation sites in MAP-kinase family members 

Species Kinase Domain VII Linker L12 Domain VIII (catalytic loop) 
TEY motif 

Human ERKI DFGLAR IADPEHDHTGF LTEYVATRWYRAPEIMLNSK 

Rat ERKI DFGLAR IADPEHDHTGF LTEYVATRWYRAPEIMLNSK 

Human ERK2 DFGLAR VADP-HDHTGF LTEYVATRWYRAPEIMLNSK 

Rat ERK2 DFGLAR VADP-HDHTGF LTEYVATRWYRAPE IMLNSK 
TGY motif 

Mouse P38/HOG DFGLAR HTDDE-----— MTGYVATRWYRAPE IMLNWN 
TPY motif 

Rat SAPKa DFGLAR TACTN------ FM MTPYVVTRYYRAPEVILGMG 

Rat SAPKB DFGLAR TAGTS------ FM MTPYVVTRYYRAPEVILGMG 

Rat SAPKy DFGLAR -AGTS------ FM MTPYVVTRYYRAPEVILGMG 

Human JNKI DFGLAR TAGTS------ FM MTPYVVTRYYRAPEVILGMG 


processes regulated by MAP kinases include mating, sporulation, main- 
tenance of cell wall integrity, invasive growth, pseudohyphal growth and 
osmoregulation. MAP kinase is a regulator of the immune response and 
embryonic development in Drosophila. It has also been implicated as a 
regulator in slime moulds, plants and fungi. 


_ Other Ras activators and effectors 

Guanine nucleotide exchange factors other than hSos have also been 
found to activate Ras and other effectors have also been found (see Figure 
4.15, page 92).These may interact with unique sequences in the effector 
loop. The question remains, how many different effectors can attach to 
activated Ras and what determines the level of their priority?® 


E The Ca?*/calmodulin pathway 


The elevation of cytosol Ca% following activation of PLCy results in wide- 
spread protein phosphorylation by serine/threonine protein kinases. 
These include the broad spectrum Ca**-calmodulin-dependent protein 
kinase II (CaM-kinase II) (see Chapter 8), myosin light chain kinase 
(MLCK), phosphorylase kinase and elongation factor-2 kinase (EF-2 
kinase). All of these are activated by the Ca**/calmodulin complex. 

The level of phosphorylation of a particular substrate at any time must 
be determined by the rates of both phosphorylation and dephosphoryla- 
tion. Ca’*/calmodulin can affect this balance through activation of cal- 
cineurin, a protein phosphatase (see Chapter 8). This leads to the 
activation of transcription factors that play essential roles in the activa- 
tion of T lymphocytes (Chapter 17). Clearly, Ca% is an extremely versatile 
second messenger modulating numerous intracellular signals (Figure 8.1, 
page 174). 


There is still an awful lot to 
learn about Ras. 

As our knowledge of Ras 
and the pathways that it 
regulates have advanced, so 
its involvements have 
become more complex and 
entangled. Ras is not merely 
an activator of cell growth. 
Indeed, in some cells it 
causes growth inhibition and 
differentiation. In others it 
blocks differentiation. It has 
become apparent that 
depending on the cell, the 
state of the cell, the 
activation state of other 
GTPases, possibly the 
identity of the Ras isotype 
(N-, K- or H-), it is a 
regulator of multiple cell 


wy 

functions. Nor is its 
relationship to cell 
transformation a matter of 


simple cause and effect. As 
examples: 


* Oncogenic Ras only 
induces transformation if the 
recipient cell already has 
endured a number of 
mutations in its tumour 
suppressor genes such as 
p53 or Rb. Otherwise its 
introduction results in 
apoptosis (see Chapter 10, 
‘Cancer and transformation’, 
page 246). 


* Most of the experimental 
work on Ras has been 
carried out on rodent 
fibroblast cell lines that are 
far more susceptible to 
transformation than the 
epithelial cells in which most 
(human) Ras-related tumours 
occur. More than this, the 
phenotypes of the 
transformed cells are very 
different. Ras transformed 
(human breast) epithelial 
cells are characterized by 
disruption of the adherens 
junctions and the appearance 
of stress fibres and focal 
adhesions (see Chapter |4), 
but transformed fibroblasts 
are associated with a loss of 
stress fibres. Although 
constitutively activated 
mutants of Ras or its 
effector Raf can both induce 
the transformed phenotype 
in mouse fibroblasts, only 
Ras can induce 
transformation of rat 
intestinal epithelial cells. 


* Due to the availability of 
reagents (antibodies, 
mutants, etc.), most 
investigations have 
concentrated on H-Ras. 
However, although the 
human Ras genes N, H and K 
are indeed very similar, and 
in many experimental 
situations appear to function 
in the same way, there is no 
reason to believe that their 
actions are identical. The 
conservation of three ras 
genes in vertebrate evolution 
begs the question whether 
or not the gene products 


Sige: 


I Activation of PI 3-kinase 


Association of the adaptor p85"! $nase with the tyrosine phosphory- 
lated receptor, positions the attached catalytic subunit, p110?! 3-kinase at 
the membrane where it phosphorylates inositol phospholipids at the 
3 position of the inositol ring. This results in the activation of PKB, a 
protein kinase of prime importance in cell survival, proliferation, 
motility and glucose metabolism. This pathway is considered in 
Chapter 13. 


BW Direct phosphorylation of transcription factors 


The simplest way in which a plasma membrane receptor could alter 
gene expression would be by direct phosphorylation of transcription fac- 
tors. The activation of transcription by the interferons is an example. 
Transcription factors known as STATs were recognized as targets for 
interferon receptors, but it is now apparent that they also mediate the 
signals of EGF and PDGF receptors®.” (see Chapter 12 ). Following phos- 
phorylation of p84S*"* and p915!> by the activated growth factor recep- 
tor, they combine to form a dimeric complex and, as a consequence, 
they translocate to the nucleus. Here they promote transcription of early 
response genes such as c-fos (Figure 11.16). 

The STAT dimer, formed after tyrosine phosphorylation by the PDGF 
receptor, was originally described as Sis-inducible factor (SIF), a tran- 
scription factor complex activated by the viral oncogene, v-Sis. This viral 
oncogene codes for the precursor of PDGF and activates a similar signal 
transduction pathway.” 


E A switch in receptor signalling: activation of ERK by 
7TM receptors 


ME Pathway switching mediated by receptor phosphorylation 


As described in Chapter 4, G-protein-linked receptors are themselves 
substrates not only for PKA and PKC but also for receptor specific kinases, 
which preferentially target occupied (and therefore activated) receptors 
(Figure 4.10, page 85). On the other hand, phosphorylation by PKA and 
PKC, triggered by an increase in second messenger production, affects 
occupied and unoccupied receptors alike. The result of phosphorylation 
is to switch the attention of the receptors to alternative G-proteins. As 
described earlier (see Chapter 9) B-adrenergic receptors phosphorylated 
by PKA now speak to the G, proteins instead of G, and this opens the door 
to the ERK pathway (Figure 9.5, page 196). Because receptor-specific 
kinases, such as BARK, target only receptors that are occupied, they are 
only called into action under conditions of more robust stimulation. The 
phosphorylation sites, though also present in the C-terminal region, are 
distinct from those targeted by PKA. 

The ß-receptor phosphorylated by BARK recruits B-arrestin (see page 
84) to a region on its third intracellular loop that would normally interact 
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Figure 11.16 Direct phosphorylation of the STAT class of transcription 
factors. Through their SH2 domains, the p84***'* and p9 15e associate with the receptor 
and become phosphorylated on tyrosine residues. They form a dimer (SIF) which 
translocates to the nucleus where it binds to an Sis-inducible element (SIE) and activates 
transcription of, for example, the c-fos gene. 


with G-proteins, so blocking the transmission of signals through G, 
(Figure 11.17). Importantly, the bound B-arrestin now acts as a docking 
site for the tyrosine protein kinase Src (pp60*), through its SH3 domain, 
and this also initiates a signalling pathway resulting in the activation of 
ERK. 

The steps following the recruitment of Src are not yet clear. It is possible 
that it initiates a series of events similar to those that occur in focal adhe- 
sion complexes, in which it phosphorylates the adaptor protein Shc-1 
which, in turn, binds to the Grb2/Sos complex (for details, see Chapter 14, 
Figure 14.15, page 330). This ultimately results in the activation of Ras, 
Raf, MEK and lastly ERK.” 

Other 7TM receptors may employ different pathways to reach Ras. For 
instance, the lysophosphatidic acid receptor, LPA, also activates ERK but 
in this case, dominant negative Src is without effect. Here the signal 
appears to involve PI 3-kinase, an unidentified tyrosine kinase and dock- 
ing protein and finally Grb2/Sos.“ 


have specific functions? 
Although the data are so far 
very sketchy, the embryonic 
lethality of K-ras (but not of 
N- or H-ras) supports the 
idea of non-redundancy of 
function. 


In this chapter we have 
indicated the role of Ras as 
an activator of the ERK 
pathway; but this is not the 
only pathway implicated in its 
regulation of cellular 
proliferation. In Chapter 13 
we consider Ras as one of a 
number of activators of 
PI 3-kinase and the 
consequent activation of 
protein kinase B. There are 
several additional (and also 
potential) effector pathways 
through which the effects of 
activated Ras can operate. 
For a comprehensive 
discussion of these 
questions, see Shields et al.6® 


STAT Signal transducer and 
activator of transcription. 


Signal Transduction 


clathrin-mediated 
sequestration 


Figure |1.17 Phosphorylation of the B-adrenergic receptor by BARK (see 
Figure 4.10, page 85) allows binding of f-arrestin, an adaptor protein. This 
terminates communication with G-proteins but signals the Ras-ERK pathway by 
recruitment of Src (via its SH3-domain). The arrestin targets the receptor to clathrin- 
coated pits, there to be removed from the cell surface and directed towards lysosomes. 


ME Pathway switching by transactivation 


An alternative manner of switching, also allowing signals emanating from 
G-protein linked receptors to activate the Ras/ERK pathway, arises from a 
process that has been called transactivation.” As an example, activation 
of receptors responding to carbachol (a stable muscarinic cholinergic 
analogue) or thrombin, appears to cause the release of an EGF-like 
E growth factor (HB-EGF) from its membrane-bound precursor. 
HB-EGF Heparin-binding This then acts in an autocrine/paracrine manner to stimulate its own 
aaa ANE nally receptor pathway, resulting in the activation of ERK. The switch arises as 
precursor, proHB-EGF. a result of activation of a metalloproteinase that cleaves the inactive pre- 
cursor form of the growth factor (proHB-EGF)””’ (Figure 11.18). In effect, 
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Figure 11.18 Transactivation of receptors. Activation of the 7TM receptor results in activation of a signal 


transduction pathway that activates an extracellular endoproteinase releasing the membrane bound precursor of 
HB-EGE This binds to the EGF receptor and induces yet another series of signal transduction pathways. 
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the first ligand induces the expression of a second, quite unrelated ligand, 
which in turn sets in train its own distinct signal transduction pathways. 
Such transactivation expands enormously the repertoire of signalling sys- 
tems that a cell can apply to integrate its responses to the great diversity 
of stimuli. In the case described, the mechanism of transactivation 
involves the initial generation of intracellular signals that have the effect 
of activating a transmembrane enzyme (metalloproteinase) that has its 
catalytic site situated in the extracellular domain. The mature growth fac- 
tor then stimulates its characteristic intracellular signal pathways. 
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Signalling pathways 
operated by non-receptor 
protein tyrosine kinases 


E The non-receptor protein tyrosine kinase family 


There is an important family of receptors that induce responses similar to 
those of the receptor tyrosine kinases yet possess no intrinsic catalytic 
activity. Instead, they recruit catalytic subunits from within the cell in the 
form of one or more non-receptor protein tyrosine kinases (nrPTKs). 
These proteins exist within the cytosol as soluble components, or they 
may be membrane-associated. They can be divided into nine main fami- 
lies with four additional enzymes that do not appear to belong to any of 
the defined families (Figure 12.1).! Recruitment of non-receptor PTKs and 
the consequent tyrosine phosphorylations are usually the first steps in the 
assembly of a substantial signalling complex consisting of a dozen or 
more proteins that bind and interact with each other. Further details 
about non-receptor tyrosine kinases are given in ‘Non-receptor protein 
tyrosine kinases and their activation’ (page 294). 

Examples of the class of receptors that recruit non-receptor PTKs 
include those that mediate immune and inflammatory responses: 


¢ The T-lymphocyte receptor (TCR) is involved in detection of foreign 
antigens, presented together with the major histocompatibility com- 
plex (MHC). Subsequently it regulates the clonal expansion of T cells.” 


¢ The B lymphocyte receptor for antigen is important in the first line of 
defence against infection by micro-organisms.* 


e The interleukin-2 receptor (IL-2R). The cytokine IL-2, secreted by a 
subset of T-helper cells, enhances the proliferation of activated T- and 
B-cells, increases the cytolytic activity of natural killer (NK) cells and 
the secretion of IgG. 


e Immunoglobulin receptors, such as the high affinity receptor for IgE 
(IgE-R), present on mast cells and blood-borne basophils.‘ This plays 
an important role in hypersensitivity and the initiation of acute 
inflammatory responses. 
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Figure 12.1 Non-receptor protein tyrosine kinases. These protein kinases form a 
large family. Most of them contain SH2 and SH3 domains. Several were originally 
discovered as transforming genes of a viral genome, hence names like src or abl, derived 
from Rous sarcoma virus or Abelson murine leukaemia virus. Adapted from Hunter.! 


e Erythropoietin receptors. The cytokine erythropoietin plays an 
important role in the final stage of maturation of erythroid cells into 
mature red blood cells. For this reason it has been used by athletes to 
boost their performance in endurance sports such as cycling. The ery- 
thropoietin receptor is present on a number of cell types in addition 
to erythroid progenitor cells, suggesting that erythropoietin may have 
specific effects on other tissues, still to be discerned. 


¢ Prolactin receptors. The pituitary hormone prolactin plays a pivotal 
role in the regulation of lactation. In addition, it has been implicated 
in modulation of immune responses. For instance, it regulates the 
level of NK-mediated cytotoxicity. It has also gained attention as a 
potential male contraceptive. 


Other non-receptor PTKs are discussed in Chapter 14, where non- 
receptor protein tyrosine kinases are shown to play a pivotal role in cell 
survival and proliferation. 


HT cell receptor signalling 


T lymphocytes have a central role in cell-mediated immunity. When acti- 
vated, they proliferate and differentiate to become either cytotoxic or 
helper T cells. Cytotoxic T cells kill specific targets, most commonly virus- 
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infected cells, while helper T cells assist other cells of the immune system. 
Effective T cell activation requires the coordinated interactions of several 
different ligands with their receptors. This is not the only unusual aspect. 
The primary ligands that activate T cells are not classical first messengers 
(i.e. blood-borne soluble molecules), but proteins presented on the mem- 
branes of neighbouring cells. For example, the stimulation of T lympho- 
cytes that are naive to any previous form of activation involves the T cell 
receptor (see below). This detects foreign antigenic protein in the form of 
a short peptide that is proffered on the surface of the target cell. An 
infected cell, expressing viral proteins, presents fragments bound in a 
groove on the MHC, a plasma membrane protein. Class I MHC molecules 
are expressed on virtually all nucleated cells and are characteristic of the 
host so that they are recognized by the immune system as ‘self’. The task 
of the T cell is to kill the infected cell. 

Circulating antigens are processed by specialized cells such as B-lym- 
phocytes and macrophages which then present fragments on their sur- 
faces, again attached to an MHC molecule (class II). Here, the function of 
the T cell is to help the target cell to make antibodies or to ingest invading 
micro-organisms. 


™ More than one lymphocyte receptor must be engaged to ensure activation 

The cell-cell interaction necessary for T cell activation requires intimate 
contact, calling specialized adhesion molecules into play (Chapter 14), as 
well as three different ligand-receptor interactions (Figure 12.2). It is the 
combination of antigen and MHC that initiates the T cell response, but 
there are two possible outcomes. Only in the presence of a second, ‘co- 
stimulatory’ signal do the cells become fully activated. The full response 
comprises transcription of early response genes, followed by synthesis 
and release of the cytokine IL-2, entry into the cell cycle and differentia- 
tion into an effector or memory cell. In the absence of a co-stimulatory 
signal, the T cell becomes unresponsive or anergic. 

The signalling events are outlined in Figure 12.2. Initial cell-cell contact 
involves low specificity interaction between B7 (on the antigen presenting 
cell) and CD28 (on the T-cell). The a and ß chains of the T cell receptor 
(TCR) may then bind to the peptide presented by the antigen-presenting 
cell. The TCR is associated with the CD3 molecule to comprise a complex 
of eight polypeptides, all of which span the membrane (Figure 12.2). In 
spite of having no intrinsic catalytic domains, activation of this complex 
results in tyrosine phosphorylations due to the recruitment of non-recep- 
tor PTKs. In addition, there is activation of PLCy with production of IP, 
and DAG and elevation of cytosol Ca**. Thus, the consequences of recep- 
tor ligation are not dissimilar from those induced by the receptors for EGF 
or PDGE An early candidate explaining the induction of tyrosine kinase 
activity emerged with the discovery of the PTK, Lck (p56), a T cell-spe- 
cific member of the Src family>* (see Figure 12.1). Lck is associated with 
the cytosolic tail of CD4 (in helper T cells) or CD8 (in cytotoxic T cells).’ 
The extracellular domains of these molecules bind to the MHC protein 
and this not only strengthens the rather weak interaction established 
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Figure 12.2 Clonal expansion of naive T-lymphocytes: (a) Clonal expansion is signalled through binding of an 
antigen presented in the groove of the MHC II on an antigen-presenting cell to the T-cell receptor. This, and the 
additional interaction of a number of co-stimulatory adhesion molecules, such as B7 and CD28, result in the 
production of IL-2 together with its receptor on the T cell. This induces a proliferation signal that is responsible for the 
clonal expansion of those T lymphocytes that exclusively recognize this particular antigen. As a result, the host can 
eliminate the antigen with great efficiency. (b) The TCR possesses a disulphide-linked heterodimer of a and f chains. 
These have hypervariable regions that detect the antigen, presented as a short peptide in the groove of an MHC 
molecule. This heterodimer, along with two C-chains, forms a complex of four polypeptides (y, £ and ò, £) of the CD3 
molecule. A CD4/CD8 molecule is also associated with the TCR in helper/cytotoxic T cells respectively. This binds to 
the MHC and brings Lck, a non-receptor PTK, into the vicinity of the ¢-chains. 


between the TCR and antigen, but it also brings CD4 (or CD8) into the 
vicinity of the TCR complex, leading Lck to its targets on the ¢-chains. 
However, as with other Src family kinases, Lck is inactive until specific 
residues have been dephosphorylated. This is accomplished by yet 
another transmembrane protein, CD45, which possesses protein tyrosine 
phosphatase activity. Its function is described more fully in Chapter 17. 
Activation of Lck results in the phosphorylation of the ¢-chains.® The 
target tyrosines are confined to ITAM motifs (immunoreceptor tyrosine- 
based activation motifs). ITAMs are also present in the y, 6 and e chains of 
CD3 and are targets of another Src family kinase Fyn (p59") associated 
with the e chain.’ Fyn is also activated by dephosphorylation. Both Fyn 
and Lck are needed for efficient TCR signalling. Phosphorylation of ITAMs 
provides docking sites for SH2 domain-bearing molecules with the result- 
ing recruitment of the PTK, ZAP-70 (¢-chain-associated protein-tyrosine 
kinase of 70 kDa).!° Once bound, this in turn becomes phosphorylated 
and thereby activated, causing phosphorylation of multiple substrates. 
The sequence of events then follows a pattern in which phosphotyrosines 
bind SH2- or PTB-domain-containing proteins that may themselves be 
PTKs that can phosphorylate other proteins in succession. At each stage 
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Figure 12.3 Signals from the activated TCR complex are transduced by 
cytosolic tyrosine protein kinases. The TCR activates Lck that phosphorylates the 
two C-chains in the ITAM motif. The phosphotyrosine residues form a docking site for the 
SH2 domain of ZAP70, another cytosolic PTK, which in turn, phosphorylates several 
(maximally nine) tyrosine residues on the transmembrane adaptor protein LAT. Various 
proteins attach to LAT. These include the guanine exchange factor Vav, the adaptor Grb2, 
the adaptor subunit of PI 3-kinase and PLCy. All of these play important roles in the 
activation of the IL-2 gene. The elevation of intracellular Ca? activates calcineurin which 
dephosphorylates NF-AT, the nuclear factor of activated T cells. Together with the AP-| 
complex, NF-AT drives the transcription of the IL-2 gene. 


there is the opportunity for branching, through a range of effectors. By 
successive recruitment, an extensive signalling complex is assembled that 
includes multiple effector enzymes (Figure 12.3). An important branch- 
point is offered by the integral membrane protein LAT (linker for activa- 
tion of T-cells) that presents no less than nine substrate tyrosine 
residues.!! When phosphorylated, these recruit a broad range of signalling 
molecules, all through interaction with SH2-domains. These include: 
Grb2, SLP76 and PLCy, PI 3-kinase (through its p85 regulatory subunit) 
and the guanine nucleotide exchange factors Dbl and Vav. 

The formation of a signalling complex around the TCR and the branch- 
ing pathways that emanate from it, resemble the mechanisms used by the 
growth factors. However, the destinations of these pathways are not all 
clear. The PLCy pathway (DAG, IP, and elevation of Ca**) leads to the acti- 
vation of the phosphatase calcineurin which activates the transcription 
factor NF-AT (nuclear factor of activated T cells).*!* This is essential for 
clonal expansion of T cells because of its pivotal role in the induction of 


IL-2 expression (see Chapter 17). NF-AT requires the assistance of the 
activator protein-1 complex (AP-1), in order to drive expression of IL-2. 

As already mentioned, full T cell activation does not take place in the 
absence of a co-stimulatory signal, obtained through the engagement of 
a separate receptor. For some helper T cells, this must be provided by 
CD28 on the lymphocyte which binds to the B7 molecule on an antigen- 
presenting cell. The signalling pathway activated by CD28 involves PI-3 
kinase (Chapter 13), but the details of the mechanism and how it interacts 
with the events set in train by the TCR are unclear. 


E The IgE receptor and a signal for exocytosis 


Tissue mast cells and circulating basophils are of haematopoietic lineage. 
Best known for their roles in allergy, they mediate both immediate and 
delayed hypersensitivity reactions.* They also help to defend the body 
against bacterial” and parasitic infections and take part in inflammatory 
responses. Their immunological stimulus is provided by polyvalent anti- 
gens that bind and crosslink IgE that is itself bound to a high-affinity 
immunoglobulin receptor, IgE-R (specifically, FceR1). Initially, the sig- 
nalling mechanism has similarities with that of lymphocytes, in that it 
involves the successive recruitment of tyrosine kinases and SH2-domain 
containing proteins (adaptors and effectors). 

IgE-receptor aggregation sets in train a series of events. The acute con- 
sequence is the secretion of preformed products stored in secretory gran- 
ules, and this takes place within a few minutes. The released substances 
include vasoactive agents and mediators of inflammation (histamine, 
proteoglycans, neutral proteases, acid hydrolases). Then, over minutes to 
hours, the cells synthesize and secrete cytokines, among others IL-2 and 
IL-6, and arachidonate-derived inflammatory mediators, such as the 
leukotriene LTB,.'* The formation of new granules and recovery of cell 
morphology then continues over a period extending from hours to 
weeks.) 

The initial events that follow receptor aggregation involve the recruit- 
ment of Src-family tyrosine kinases, including Lyn and Syk (Figure 12.4). 
Like the T cell receptor, the IgE-R is located together with the scaffold pro- 
tein LAT in a lipid raft (microdomain: see below).! Phosphorylation of 
LAT by Syk provides a docking site for a number of SH2 domain-contain- 
ing proteins. Of these, Vav is of importance because it regulates activation 
of members of the Rho family of GTPases. Vav is endowed with numerous 
domains that enable it to integrate diverse incoming and outgoing sig- 
nals. These include one SH2 domain, two SH3 domains, a Dbl homology 
(DH) domain, a pleckstrin homology (PH) domain, a leucine-rich region 
and a cysteine-rich region (see Chapter 18). The DH domain, in particu- 
lar, is characteristic of the guanine nucleotide exchange factors that catal- 
yse GITP/GDP exchange on Rho family GTPases. These control diverse 
cellular responses, including the reorganization of the cytoskeleton!’ and 
the regulation of the Jun N-terminal kinases (JNK) that mediate differen- 
tiation”? (see also Figure 11.15, page 274). 
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Figure 12.4 Signal pathways emanating from the high-affinity receptor for 
IgE. Antigen binding causes the recruitment and activation of the cytosolic tyrosine 
protein kinase Syk which phosphorylates the FceRI and LAT. Subsequent recruitment and 
phosphorylation of Vav causes GTP-exchange on Cdc42 and Rac, activating pathways for 
degranulation and cytokine production. 


Intracellular signalling pathways generally overlay one another and, 
although they may culminate in different effects, they share common ele- 
ments. This can make it hard to map out the sequence of events that lie 
between the binding of a ligand and the final cellular response. In mast 
cells and other related cells of haematopoietic origin (neutrophils, 
eosinophils), the signalling events that lead to exocytosis of secretory 
granules are not easy to separate from those that direct the other cell 
responses. Activation of phospholipase C produces an elevation of cytosol 
Ca, but the fusion of secretory granules with the plasma membrane is 
not, in itself, dependent on Ca”*.'*?! Instead, unlike most other secretory 
cells, in which exocytosis follows directly from an elevation of cytosol 
Ca’, exocytosis is dependent on the presence of GTP. Activation of Cdc42 
and Rac is the key determining step committing cells of this class to 
undergo exocytosis, though the steps linking these GTPases to the pro- 
teins that regulate membrane fusion remain unknown.?*4 

A second pathway of activation in mast cells is triggered by agents 
such as the wasp venom peptide mastoparan. Rather than interacting 
with cell surface receptors, such ‘receptor-mimetic’ agents are able to 
insert into the membrane to cause direct activation of heterotrimeric G- 
proteins of the G, class. Here, it is the By-subunits of the G-protein 
that provide the signal for exocytosis.” As in the pathway from the IgE- 
R, it is possible that Vav participates in the integration of these signals 
since it possesses a PH domain (binds By-subunits) and has guanine 
nucleotide exchange activity. 


Signal Transduction 


© The lipid raft hypothesis 

A feature of the signal transduction mechanisms in cells that are stimu- 
lated through immune recognition receptors is the involvement of het- 
erogeneous regions in the plasma membrane. These microdomains (or 
rafts) are characterized by their lipid composition. The restriction of cer- 
tain membrane-associated or transmembrane signalling proteins to par- 
ticular lipid domains is especially apparent in T and B lymphocytes and 
mast cells. The existence of lipid domains is widespread, but knowledge of 
their wider involvement in signalling mechanisms is lacking and their 
study has not been without disagreement. Initially, the discovery of deter- 
gent-resistant fractions in membranes obtained from epithelial cells” led 
to the postulation of membrane regions enriched in glycosphingolipids 
and cholesterol. These have also been referred to as detergent-resistant 
(or detergent-insoluble) membrane domains, or more simply as lipid 
rafts. They are thought to be phase-separated regions, which, because of 
the saturated nature of the acyl chains of the component sphingolipids 
and the presence of cholesterol, possess a higher order of rigidity than the 
remainder of the membrane. Direct visualization of lipid microdomains 
in a smooth muscle cell by ‘single molecule’ fluorescence microscopy 
indicates dimensions ranging between 0.2 and 2 um at ambient tempera- 
tures, but they may be smaller at 37°C.” Both their size and density are 
likely to vary with cell type. 

Certain signalling molecules appear to be confined to lipid rafts. These 
include CD4/CD8 in T cells and the dual acylated (N-myristoylated and 
palmitoylated) non-receptor tyrosine kinases of the Src family (see ‘Non- 
receptor protein tyrosine kinases and their activation’, page 294). The 
non-acylated Src kinase Lck is also raft-associated, presumably through 
association with CD4/CD8. Another important signalling molecule 
located in rafts is LAT (see above). Other membrane proteins such as the 
transferrin receptor and the tyrosine phosphatase CD45 are generally 
absent from these domains. The primary receptors, the TCR, the BCR and 
the IgE-R, were thought to exist outside rafts until crosslinked during acti- 
vation. However, this is now less clear cut and it seems that there is a pop- 
ulation of raft-associated receptors that increases upon stimulation. 
Exactly how lipid rafts function as platforms for the assembly of signalling 
complexes is unclear. 


E Interferons and their effects 


Classification of the interferons, a group of cytokines known originally for 
their antiviral properties, has been difficult. They may be divided into two 
main classes: type 1 (IFNa, $ and oœ) and type 2 (IFNy). Type 1 interferons, 
produced by monocytes, macrophages, activated lymphocytes and cer- 
tain epithelial cells, have mostly antiviral activity. 

Type 2 interferons are released by T cells and natural killer cells and 
they are potent immunomodulators and inhibitors of proliferation. For 
example, IFNy not only induces the production of MHC class II mol- 
ecules, but also elevates the expression of HLA-G (a form of MHC I) and 
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CD4 in T lymphocytes. All this increases the ability of T cells to detect and 
respond to viral protein fragments offered by antigen-presenting cells, 
and helps B cells to mount an antibody response. IFNy also promotes the 
expression of receptors for IgG on macrophages and the secretion of 
TNFa. Although the mechanisms set in train by IFNy are ultimately anti- 
viral, they are not specific for any particular virus. 

The processes activated by the type 1 interferons are less easy to sum- 
marize. IFNa, perhaps the best understood, has important actions in the 
control of differentiation and growth. A number of cancers are susceptible 
to IFNo and it is used in adjuvant therapy as an anticancer drug. In par- 
ticular, it has been applied in the treatment of hairy cell leukaemia (a 
chronic B cell leukaemia*’) and to treat certain metastasizing cancers, 
such as renal carcinoma and Kaposi’s sarcoma, which occurs in a quarter 
of AIDS sufferers. 


© Interferon-a receptor and STAT proteins 

The interferon-a receptor (type 1) is composed of three subunits, IFNaR1, 
IFNaR2b and IFNaR2c. IFNaR2c binds the latent forms of the cytosol pro- 
teins STAT] and STAT2. To date, seven members of the mammalian fam- 
ily of STAT proteins have been identified (see Chapter 11). 

The IFNaR1 subunit is complexed with the non-receptor PTKs, Tyk2 
and Jakl (Table 12.3) which are also in an inactive state. Stimulation of 
cells through the IFNaR-1 leads to subunit trimerization followed by acti- 
vation of its associated PTKs (Figure 12.5), which phosphorylate the 
receptor subunits. The phosphorylation of IFNaR1 (Y466) allows binding 
of STAT2 (p113) through its SH2 domain, bringing the transcription factor 
close to the activated tyrosine kinases. Once phosphorylated, STAT2 pro- 
motes the phosphorylation of STAT1 (p91). The two STAT proteins inter- 
act through mutual binding of their SH2 domains to phosphotyrosine 
residues, then dissociate from the receptor as a heterodimer which com- 
bines with IRF (interferon regulatory factor). This trimeric complex, 
ISGF3 (interferon-o stimulated-gene factor 3). translocates to the nucleus 
and binds to DNA at the interferon-stimulated response element (ISRE).*! 

The STATs also convey signals issuing from several of the interleukin 
receptors. The specificity of the intracellular signal is determined by the 
particular cytosolic tyrosine protein kinase associated with the receptor 
and by the combinations of STATs that are phosphorylated and activated 
(see Table 12.1). 


Table 12.1 Diversity in cytokine-induced signalling. The spectrum of recruited 
non-receptor tyrosine kinases and downstream STATs and associated proteins (IRS) 
determine the outcome of the cellular response. Adapted from Ihle.* 
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Figure 12.5 Activation of STATS by the interferon receptor. Binding of IFNa 
causes trimerization of the subunits of the IFNa receptor (IFNaRI, IFNaR2b and 
IFNR2c). This activates the associated cytosolic protein kinases Tyk2 and Jakl, which 
phosphorylate each other and phosphorylate the IFNaR I subunit of the receptor 
complex. STAT2, complexed with the IFNaR2c receptor, binds to the phosphorylated 
IFNaRI and in doing so becomes phosphorylated by the cytosolic protein kinases. The 
phosphorylated STAT2 catalyses the phosphorylation of STAT I and these detach from 
the receptor complex, dimerize and are accompanied by an interferon regulatory factor 
of 48 kDa (IRF). The ternary complex ISGF3 enters the nucleus, binds to DNA at the 
ISRE, inducing expression of genes such as the MHC. 


E Oncogenes, malignancy and signal transduction 
E Viral oncogenes 


Infection by viruses carrying oncogenes can cause malignant cell growth. 
Although viruses were first recognized as causative agents in avian can- 
cers 90 years ago, for much of the twentieth century there was doubt that 
any human cancers were initiated in this way. Even now, almost all the 
information in this area refers to non-human animals. There are a num- 
ber of problems here. First of all, as was already apparent in the first 
decade of the twentieth century,** demonstration of a viral mode of 
transmission depends on the induction of disease by transfer of tissue fil- 
trates from animal to animal. Some viruses only become oncogenic as a 
consequence of multiple passages and through different animal species. 
Secondly, while there are many human cancers that are certainly associ- 
ated with viral infection, it is far from certain in most cases whether the 
virus initiates the condition or whether it is merely permissive of induc- 
tion by another agent, such as a chemical carcinogen. In general, the 
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transforming products of the viral oncogenes behave as persistently acti- 
vated mutants of endogenous cellular proteins having key regulatory 
roles in mitogenesis. 


ME Non-viral oncogenes 


Tumours that are not caused by viral infection (e.g. by chemical carcino- 
gens) also express persistently activated products, such as oncogenic Ras. 
As an example of the role of oncogenes in cell transformation, mutated 
forms of Ras are found in 40% of all human cancers* and in more than in 
90% of pancreatic carcinomas. In general, these oncogenes represent 
gain-of-function mutations of normal cellular genes involved in signal 
transduction and gene transcription.?”** 

A number of these mutated proteins operate in the early stages of tyro- 
sine kinase signal transduction pathways. Cells may be transformed as a 
consequence of hypersecretion of growth factors, expression of a variant 
form of a PTK, over-expression of SH2/SH3-containing adaptor proteins, 
over-expression of serine/threonine protein kinases or expression of vari- 
ants of the small GTPases or their accessory proteins. At the downstream 
end of the signal transduction pathway, variants of transcription factors 
also act as potent cell transformers. Although tyrosine kinase phosphory- 
lation accounts for only about 5% of total cellular phosphorylation activ- 
ity, it has a key position in many signal transduction pathways and it is 
probably for this reason that the incidence of these genes in malignancy 
is so high. 

A good example of cell transformation related to aberrant nrPTK activ- 
ity is the role of Jak-2 in acute lymphoblastic leukaemia. This is the most 
common childhood cancer of pre-B cell origin. These cells rely on 
paracrine or autocrine cytokine stimulation in order to proliferate and 


Table 12.2 Components of tyrosine kinase signal transduction cascades manifested as 
cellular or viral oncogenes 
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survive, and in 80% of cases this cancer is cured by combination 
chemotherapy. However, 20% relapse and are then resistant to further 
therapy. The resistant cells express a constitutively activated mutant of 
Jak-2. Apparently, this serves as a survival signal for these cells and makes 
them insensitive to DNA damage induced by chemotherapy which would 
normally induce apoptosis (see Chapter 14).3 

These oncogenes are gain-of-function mutants of the wild-type pro- 
teins. They include receptor tyrosine kinases, adaptor proteins and gua- 
nine nucleotide exchange factors. Serine and threonine protein kinases 
can also act as oncogenes but in comparison with tyrosine protein 
kinases, their contribution is relatively modest. 


E Essay: Non-receptor protein tyrosine kinases and their 
activation 


The non-receptor PTKs are a large group of signalling proteins that have 
diverse roles in the control of cell proliferation, differentiation and 
death. Some are widely expressed; others are restricted to particular tis- 
sues. Their early classification was dominated by the discovery of pp60*", 
to the extent that the major group of kinases were simply known as the 
Src family. There are at least 10 known subfamilies of non-receptor PTKs 
(Table 12.3). 


Table 12.3 Families of non-receptor protein kinases 


Src-related 

Src Syk/ZAP70 Btk/Tec Csk Abl 
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Kinases that may be acylated are in red. Kinases with PH domains are in green. 


è Other non-receptor PTK families include Brk, Fes and Ack. 
» Just another kinase, now the family of Janus kinases. 


The Src family kinases share a similar structure. A unique domain at the 
N-terminus is followed by an SH3 domain and an SH2 domain (arche- 
types of the domains that are widely expressed). Following this there is a 
kinase domain and finally a short C-terminal tail. (Structural details are 
given in Chapter 18.) Many of these kinases function by association with 
macromolecular signalling complexes assembled at membrane sites. 
Membrane targeting may be promoted by the unique N-terminal domain. 
Within the Src family, Src itself (pp60°*"*), Fyn, Lyn and Yes are N-terminal 
myristoylated. This provides the opportunity for membrane attachment 
that may be strengthened by palmitoylation at a nearby cysteine. Simi- 
larly, members of the Btk/Tec family may become membrane-associated 
through their PH domains, which can bind polyphosphoinositide lipids 
(Chapter 18). Other non-receptor PTKs are recruited to their sites of 
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action through the association of their SH2 domains with phosphotyro- 
sine residues on their targets. 

Regardless of their location, most Src family kinases are held in an inac- 
tive state by the interaction of a phosphorylated tyrosine (in pp60°*, Y527 
in the C-terminus) with the N-terminal SH2 domain. Activation requires 
removal of the C-terminal phosphate, and then phosphorylation ofa tyro- 
sine in the activation loop (Figure 12.6). 

The major suppressor of Src activation is Csk (C-terminal Src kinase or 
c-Src kinase), another non-receptor PTK. This member of the Src family 
has no C-terminal tyrosine residue and no lipid modification. In conse- 
quence it is both constitutively active and confined to the cytosol. Its tar- 
get is the Src carboxy tyrosine (Y527). How does this cytosolic enzyme 
interact effectively with the plasma membrane-associated Src? It seems 
likely that a transmembrane docking protein Cbp (Csk binding protein)” 
recruits Csk through an interaction between the SH2 domain of Csk anda 
phosphotyrosine on Cbp. Cbp and Src are both localized in sphingolipid- 
rich domains of plasma membrane rafts. The inhibitory action is coupled 
with the removal of the phosphate from the activation loop of Src by a 
phosphatase that associates with Csk and is presumably recruited with it. 
Activation of Src might then initially involve the dephosphorylation of 
Cbp by a phosphatase. 
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Figure 12.6 Activation and deactivation of Src kinase activity: 

(1) Phosphorylation of Src in its catalytic domain induces its activation; (2) activated Src 
phosphorylates Cbp resulting in the attachment of Csk through its SH2 domain; (3) this 
in turn phosphorylates Src at the C-terminal residue promoting an intramolecular 
linkage. Inactivation follows cleavage of a phosphate from the catalytic domain. 
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Phosphoinositide 
3-kinases, protein kinase 
B and signalling through 
the insulin receptor 


At a viva voce examination at one of the older universities, a student was ques- 
tioned about insulin and how it works. After some embarrassed hesitation, he 
assured the examiners that that he had known all about it, but unfortunately 
he had forgotten.'What a pity’, was the response ‘This means that now, nobody 
knows’. 


E Insulin receptor signalling; it took some time to 
discover 


A lack of knowledge about how a particular drug or therapy works has 
never been an impediment to its application in the clinic (see Chapter 1). 
Indeed, for most practitioners, this is generally a very secondary consid- 
eration. A well-known case in point is aspirin, first introduced by the 
Bayer Company in 1898. With the wholehearted encouragement of the 
medical profession, it has been consumed by the tonne and with good 
cause too. Yet it was more than 80 years before its most sensitive target 
was identified as cyclo-oxygenase, preventing the synthesis of 
prostaglandins.'” Another example is the treatment of childhood (type I) 
diabetes with insulin.*4 

Several glycogenolytic hormones (adrenaline, glucagon, vasopressin, 
growth hormone) can mobilize the metabolic stores and elevate the con- 
centration of blood glucose, but only insulin has the reverse effect. It 
increases the net uptake of glucose from the blood and it increases its 
conversion to glycogen and triglyceride, at the same time inhibiting their 
breakdown. Since the acute effects of the glycogenolytic hormones 
require elevations of cAMP or cytosol Ca”, it follows that the actions of 
insulin must be mediated through a third route, one that escapes the 


The association of diabetes 
mellitus with the pancreas 
was established by the work 
of Oscar Minkowski.“ A dog 
from which he had removed 
the pancreas began to suffer 
an uncontrollable polyuria. 
The following day, there 
being no cage large enough 
to accommodate the animal 


al 
(which had been well house- 


trained), it was kept tied up 
in the laboratory. According 
to the story (subsequently 
denied by Minkowski), the 
assistant noticed that flies 
settled wherever it had 
passed urine. Regardless of 
this, the animal passed 12% 
of sugar and was suffering 
from diabetes mellitus. 

It is customary to credit 
the Canadians, Banting and 
Best with the discovery of 
insulin, their colleagues 
McLeod and Collip somehow 
standing close by (or not 
quite so close by in the case 
of McLeod, who may have 
spent some of the critical 
months on a fishing holiday 
on the Isle of Skye). For sure, 
were it not for Banting’s 
certainty and indeed 
obsession, it is unlikely that 
patients would have been 
successfully treated within a 
few months of the 
commencement of the 
experimental trials. However, 
it is legitimate to ask 
whether the Canadians were 
actually the first discoverers 
of insulin. Here, we are not 
considering the widely 
canvassed claim of Nicholas 
Paulescu,** who was 
certainly in the race at about 
the same time, but that of 
Eugene Gley who was 
working 25 years earlier. 
Sadly, his right to scientific 
immortality fails on two 
counts. First, he was never in 
a position to apply his 
preparation in the treatment 
of patients. This is the 
importance of Banting and 
Best's contribution. Whether 
he had the means to make 
the repeated and rapid 
analyses of blood glucose 
concentration, necessary to 
monitor its anti-glycosuric 
effect, is uncertain. More 
likely, he just lacked the 
audacity to inject his 
preparation into people, a 
restraint to which Banting 
was quite insensitive. 
Anyway, Gley was working in 
1895 and all this had to wait 
for another quarter century, 


attentions of either PKA or PKC. Only in 1980 did it become apparent that 
the mechanism involves autophosphorylation of the receptor. The dis- 
covery of protein kinase B (PKB) and the 3-phosphorylated inositol lipids 
eventually provided the key.® 


E Pl 3-kinase 


Until recently, it was normal to consider the reactions leading up to and 
including the synthesis of the polyphosphoinositides as constitutive 
(unregulated) processes. Attention was focused primarily on the genera- 
tion of the breakdown products DAG and IP.. It is now clear that matters 
are far more complex. For example, the small GTPase Rho regulates the 
inositol lipid 5-kinase PI(4,5)K, responsible for the conversion of phos- 
phatidylinositol-4-phosphate, PI(4)P to phosphatidylinositol-4,5-bispho- 
sphate.” Although it is far from clear that PI(4,5)P, qualifies as a signalling 
molecule, inositol lipids that are phosphorylated in the 3-position cer- 
tainly do. They are the products of the PI 3-kinases that phosphorylate PI 
and its derivatives PI(4)P and PI(4,5)P, position to give PI(3)P, PI(3,4)P, 
and PI(3,4,5)P, (Figure 13.1). 
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Figure 13.1 Phosphoinositide 3-kinases and the generation of 
3-phosphorylated lipids. The PI 3-kinases phosphorylate the 3 OH-position in the 
inositol ring of the phosphatidylinositol lipids. The 3-OH phosphorylated inositol lipids 
are not substrates for PLC. The phosphatases PTEN and SHIP reverse the reaction. The 
PH domain of PKB interacts preferentially with the PI(3,4,5)P, product. 
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PI(3,4,5)P, was first detected in stimulated human neutrophils.® 
Although initially contemplated as a new substrate for PLC, and thus the 
source of a water-soluble second messenger (inositol-1,3,4,5-phosphate 
or IP,), it soon became clear that the lipid itself is a signalling entity. 
Phosphatidylinositol occupies a special place among phospholipids since 
its headgroup offers such a multiplicity of phosphorylation patterns. 
Although inositol lipids have been detected in analyses of bacteria, there is 
no indication that any of them plays a regulatory role. However, it is clear 
that some bacteria rely on the inositide metabolism of host cells to regulate 
their invasiveness.’ PI is present in all eukaryotic cells, though its metabo- 
lism in unicellular organisms such as yeast is restricted, since they lack the 
means to generate either PI(4)P or PI(4,5)P.,. The substrate specificity of the 
yeast PI 3-kinase (coded by the gene VPS34) is appropriately limited to PI 
and therefore it only generates the monophosphorylated derivative PI(3)P 
(which can then be converted to PI(3,5)P,, essential for Golgi membrane 
recycling'®"'), The enzymes catalysing the formation of PI(3,4)P, and 
PI(3,4,5)P, probably evolved with the need for more complex forms of 
metabolic regulation following the emergence of the first metazoans. 

Unlike the more familiar polyphosphoinositides, the inositol phospho- 
lipids that have a phosphate group at the 3 position do not serve directly 
as substrates for phospholipase-C. They are metabolized by the hydroly- 
sis of the phosphate groups at the 3- and 5- positions (Figure 13.1) (see 
Chapter 17). Both the 3-kinases and the 3-phosphatases are under the 
control of receptor-mediated processes and it is apparent that the 3-phos- 
phorylated inositol phospholipids are fully fledged second messengers. 
The difficulty has been in assigning the processes that they regulate. 


MA family of PI 3-kinases 


Cloning and screening strategies have revealed a number of enzymes 
having 3-phosphorylating activity (Figure 13.2). The PI 3-kinases com- 
prise a family of enzymes subdivided into three classes (Figure 13.2). They 
have distinct substrates and various forms of regulation. They all have 
four homologous regions, the kinase domain being the most conserved. 


E Class | PI 3-kinases 

Class J PI 3-kinases phosphorylate PI, PI(4)P and PI(4,5)P, (the preferred 
substrate). These enzymes comprise two subunits, a regulatory (p55 or 
p85) and a catalytic subunit (p110), each existing in various forms (Figure 
13.2). The multidomain structure of the regulatory subunit, in particular 
p85, strongly suggests that they should be able to interact with other sig- 
nalling proteins. The SH2 domains enable them to bind to phosphotyro- 
sine residues. Similarly, the SH3 domains allow interaction with 
proline-rich sequences, present for instance in the adaptor molecule Shc, 
the GTPase-activating protein Cdc42GAP or the regulator of TCR sig- 
nalling, Cbl.!* In addition, the p85-subunit contains a BCR homology 
domain”? that interacts with members of the Rho family of GTPases, Rac 
and Cdc42, providing yet further opportunities for regulation." 


a 
but we do know from his 
report that there can be 
little doubt that he had 
successfully isolated an 
antiglycosuric agent from 
extracts of pancreas. He 
provides sufficient detail, rare 
in his day, for the modern 
reader to have some 
confidence that his 
preparation was as good as 
he claimed. But where was 
his report all this time? 
Instead of going public, Gley 
sealed it in an envelope 
which he placed into the 
hands of the secretary of the 
Société de Biologie de Paris, 
with the firm instruction that 
it was not to be opened until 
directed by him." With this 
bizarre act he waived all 
claims to be credited as the 
discoverer of insulin and so 
it lay hidden until word came 
through from Canada in 
1921.The application of 
insulin was certainly one of 
the key milestones of 
modern medical practice, yet 
its mechanism of action as a 
glucose-lowering hormone 
has been widely regarded as 
a ‘mystery’, even into the last 
decade of the twentieth 
century. 
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Figure 13.2 Classification of phosphoinositide 3-kinases: (a) The enzymes are classified into three groups based 
on the molecular structure of the subunit that contains the kinase domain. The class | is subdivided into groups A and 
B. Group A comprises a, B and 6 which interact with the regulatory subunits, p85 or p55. Group B has one member, 
pl Oy, regulated by G-protein By-subunits. It is also found associated with a pl0I protein of unknown identity. Class II 
comprises three isoforms, none of which requires a regulatory subunit for its activation. Class Ill has only one member. 
The mode of regulation of activity of classes II and III remains to be discovered. (b) Dendrogram showing the 
evolutionary relationships of the PI 3-kinases. 


There are four isoforms of the p110-subunit. All contain a kinase 
domain and a Ras interaction site. In addition the a, B and 6 isoforms 
possess an interaction site for the p85-subunit. The class I enzymes can be 
further subdivided. Class IA enzymes interact through their SH2 domains 
with phosphotyrosines present on either protein tyrosine kinases or to 
docking proteins such as insulin receptor substrates (IRS, see below) or 
LAT (see Chapter 12). Uniquely, the class IA enzymes activate protein 
kinase B (PKB, see below). 

The pll0y catalytic subunit, found only in mammals, is the single 
member of class IB. It has its own regulatory subunit, p101, a protein 
without apparent sequence homologies. Importantly, p110y can be regu- 
lated by G-protein By-subunits. It is not clear whether or not the associa- 
tion with p101 is required for this regulation (see Chapter 14).'® 

The class I PI 3-kinase enzymes may respond to different upstream sig- 
nals and have different functions. This is apparent in macrophages in 
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which distinct isotypes modulate separate cellular responses. Here, mito- 
genic signalling (DNA synthesis) induced by colony stimulating factor-1 is 
mediated by p110a whereas actin organization and cell migration require 
the ß or 6 isoforms.” 


™ Class II Pl 3-kinases 

The three members of this group, PI 3-kinase II a, p, and y have substrate 
specificity for PI and PI(4)P. They are all monomeric (170-210 kDa) with a 
C-terminal C2 domain. Their mode of activation is unclear. 


E Class lll PI 3-kinases 

These are represented by the human homologues of the yeast gene prod- 
uct VPS34 (vacuolar protein sorting mutant). They only phosphorylate PI 
to form PI(3)P Like the yeast enzyme, the human enzyme is tightly 
coupled to a regulatory subunit (homologue of VPS15), a protein Ser/Thr 
kinase which both phosphorylates and recruits the catalytic unit to mem- 
branes. Since the monophosphorylated product PI(3)P is ubiquitous, and 
its level does not appear to alter when cells are stimulated, it is likely that 
the class IH enzymes serve a housekeeping rather than a signalling role. 


BB Studying the role of PI 3-kinase 


© Wortmannin, an inhibitor of PI 3-kinase 
It might be thought that the availability of an inhibitor of the PI 3-kinases, 
in this case wortmannin, would have provided an unambiguous key to the 
understanding of the pathways and cellular functions that they control. 
This antifungal antibiotic isolated from Penicillium wortmannii was orig- 
inally identified as a toxic agent causing acute necrosis of lymphoid tis- 
sues, severe myocardial haemorrhage and haemoglobinuria.!® At an 
appropriate dose, it is also a powerful anti-inflammatory agent.!*”° 

Used judiciously, and in combination with other inhibitors (e.g. Lilly 
inhibitor, LY294002) and independent approaches, wortmannin certainly 
has its place in the battery of techniques for investigating signal trans- 
duction. At concentrations above 10° mol/l, it associates covalently with 
the p85 regulatory subunit of PI 3-kinase.”! In the quest for inhibitory 
effects, however, it has often been applied at high concentrations, leading 
to false positive reports of inhibition. Furthermore, due to the existence of 
multiple isoforms of PI 3-kinase, not all of which are targets of this 
inhibitor, a negative result does not necessarily rule out a role for the 
products of 3-phosphorylation. 


™ Measuring the lipid product 

More directly, a role for 3-phosphorylation can be tested by measuring the 
levels of the 3-phosphorylated lipids in stimulated cells. Although PI(3)P 
is a normal lipid component, the amounts of PI(3,4)P, and PI(3,4,5)P, in 
resting cells are vanishingly low. Unless there is an increase in their levels 
following stimulation, their roles as second messengers can be ruled 
out.” 


Unfortunately, it has all too 
readily been assumed that the 
actions of wortmannin are 
specific to the 3-kinases, even 
though it was in use as an 
inhibitor of myosin light chain 
kinase for at least a couple of 
years before its first use in 
the field of PI 3-kinases.?° At 
concentrations above 100 
nmol/l wortmannin also 
inhibits a form of PI 4-kinase 
and in the micromolar range, 
in addition to its effects on 
myosin light chain kinase, it 
possibly inhibits other 
protein kinases as well. As a 
result of its uncritical use, the 
3-phosphorylated lipids were 
considered to be implicated 
in several processes that are 
quite innocent of any such 
relationship. 


vast 
This could be taken as an 


object lesson in the use of 
inhibitors in general. 
Experience advises that the 
terms ‘potent’ and ‘highly 
specific’, frequently used to 
promote pharmacological 
agents on their first outing, 
may wear a bit thin after a 
year or two. As the evidence 
of side-effects accumulates, 
new ‘potent’ and ‘highly 
specific’ agents come to take 
their place. The application of 
‘potent’ and ‘highly specific’ 
inhibitors of calmodulin and 
later of protein kinase C 
impeded progress in an 
earlier generation. 


akt Acutely transforming 
retrovirus AKT8 in rodent 
T-cell lymphoma. 


A Pathways of activation for PI 3-kinase 


The process by which receptors for growth factors activate the class IA PI 
3-kinases through interaction with the SH2 domain of the p85 regulatory 
subunits is well established (Figure 13.3). PI 3-kinase can also be recruited 
and activated by non-receptor tyrosine kinases such as those of the Src 
family through the same mechanism.” In platelets, following stimulation 
by thrombin, it appears that activation of PI 3-kinase is linked to focal 
adhesion kinase (FAK: see Chapter 14).This protein, associated with inte- 
grin signalling and cytoskeletal organization in focal adhesion sites, con- 
tains proline-rich regions that interact with the SH3 domain on p85.” In 
addition, phosphorylation of FAK allows interaction with the SH2 domain 
of p85 and this appears to be the route of activation following attachment 
of cells to solid substrates. 

Apparently, there are two routes to the activation of PI 3-kinase. One of 
these is direct and the other indirect through the involvement of focal 
adhesion sites (for further discussion concerning the link between FAK 
and the cytoskeleton, see Chapter 14). The small GTPase Ras also acti- 
vates PI 3-kinase through direct interaction with p110a (Figure 13.3).'5 
Other GTPases, particularly those of the Rho family, are also involved as 
regulators (and downfield effectors) in pathways regulated by PI 3- 
kinase.’ 
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Figure 13.3 Multiple pathways to activate PI 3-kinase class IA. Several proteins 
interact with the p85 regulatory subunit. The Rho family GTPases, Rac and Cdc42, 
interact at the BCR domain. PDGF-R, rPTKs, the nRPTKs Src and FAK, and the insulin 
receptor substrate (IRS) all interact at the SH2 domains. The catalytic subunit can interact 
directly with the monomeric GTPase Ras. 


I Protein kinase B and activation through PI(3,4,5)P, 


The viral oncogene v-akt encodes a fusion product of a cellular 
serine—-threonine protein kinase and the viral structural protein Gag. This 
kinase, PKB, is similar to both PKCe (73% identity to the catalytic domain) 
and protein kinase A (68%). It differs from other protein kinases since it 
contains a PH domain. These can bind to polyphosphoinositide head 
groups and also G-protein By-subunits (see Chapter 18). To date there are 
three subtypes, a, B and y all of which show a broad tissue distribution 
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(Figure 13.4). Shortly after its discovery, it was found that PI(3,4,5)P, is the 
activator of PKB. The mechanism of this activation has turned out to be 
far from simple, with the phospholipid playing two distinct roles. One of 
these is direct, the lipid head-group binding to a PH domain in the N-ter- 
minal segment of PKB.” The other interaction is indirect, involving a sol- 
uble protein kinase, PDK1 (3-phosphoinositide dependent protein 
kinase), also endowed with a PH-domain.” Binding of PI(3,4,5)P, is cru- 
cial since it enables PDK1 and PKB to come together (Figure 13.5). Unlike 
PKB (and many other protein kinases involved in signal transduction), 
PDK1 is constitutively active. Specificity in this signalling pathway is 
refined by PI(3,4,5)P, acting both as a recruiting sergeant and then as an 
activation signal. PDK1 phosphorylates PKB in its catalytic loop but the 
full activation signal requires a second phosphorylation in the C-terminal 
domain. This reaction is dependent on yet another protein kinase, PDK2, 
which has yet to be properly identified. Unless both buttons are pressed, 
nothing happens. Double phosphorylation of PKB causes its detachment 
from the membrane and this enables it to interact with its substrates else- 
where in the cell. The viral oncogene product, v-Akt, has a lipid anchor 
(myristoyl group), which means that the protein kinase is already located 
at the membrane and this may facilitate its activation. 


< 


L PH domain 


j 
| 
@ 

lO 


B1,B2 hydrophobic motif 


o 


kinase domain 


Figure 13.4 Classification of protein kinase B. There are multiple isoforms of PKB, 
designated a, BI, B2, and y. They all contain a PH domain and a hydrophobic motif at the 
C-terminus. They differ slightly in the localization of the regulatory phosphorylation sites. 


Figure 13.5 Mechanism of activation of protein kinase B. Generation of 
PI(3,4,5)P, (brown) serves as a membrane recruitment signal for PKB. Associated with 
the membrane it is (a) firstly phosphorylated in its catalytic domain by PDK l; (b) then by 
PDK2 in the hydrophobic motif and (c) the activated PKB then detaches from the 
membrane. 


Phosphorylation on the IRS 
occurs at tyrosine residues 
that are part of the Tyr-X-X- 
Met motif where X stands 
for any amino acid. IRS-| 
contains nine such motifs 
and is thus phosphorylated 
at a number of sites. 


Signal Transduction 


E Insulin: the role of IRS, PI 3-kinase and PKB in the 
regulation of glycogen synthesis 


E From the insulin receptor to PKB 


The stimulation by insulin of glucose uptake, glycogen synthesis and pro- 
tein synthesis are all sensitive to wortmannin.?’* In contrast, insulin- 
mediated activation of ERK is without significant effect on glucose 
transport or the activation of glycogen synthesis.**”° Binding of insulin to 
its receptor also results in prolonged activation of PI 3-kinase, although 
there is no direct interaction between these two components. Instead, the 
activation of PI 3-kinase is mediated through its interaction with a mol- 
ecule that is a substrate of the insulin receptor. Since the receptor is a 
dimer, the possibility exists that ligand binding induces a domain move- 
ment that brings about autophosphorylation.*! This is followed by phos- 
phorylation of a number of insulin receptor substrates (IRS). To date four 
such proteins have been identified (IRS-1 to IRS-4), all possessing PH and 
PTB domains. The PTB domain binds directly to the tyrosine phosphory- 
lated region of the insulin receptor that is immediately proximal to the 
membrane and this results in phosphorylation of the substrate at mul- 
tiple sites. The p85 regulatory subunit of PI 3-kinase (class IA) can then 
bind to IRS-1 through its SH2 domains”? (Figure 13.6). 


Figure 13.6 Activation of PI 3-kinase by the insulin receptor. The IRS-| binds and is 
phosphorylated by the activated insulin receptor. It then serves as a docking site for the SH2- 
domains of the p85 regulatory subunit of PI 3-kinase leading to the generation of PI(3,4,5)P, 
(marked in brown). 
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Following prolonged activation of PI 3-kinase and the production of 3- 
phosphorylated polyphosphoinositides, a number of Ser/Thr kinases 
associate with the plasma membrane. Important among these is PKB. The 
intervention of PI 3-kinase in the activation of PKB is well supported by a 
variety of observations.* Its activity is quiescent in serum-starved fibro- 
blasts, but it becomes active shortly after the addition of insulin or 
platelet derived growth factor (PDGF). This does not occur in cells that 
contain a mutant form of PKB lacking the PH domain and it depends on 
the presence of phosphotyrosines on IRS-1 or the PDGF receptor. Notice 
that it is PI(3,4,5)P,, not PI(3,4)P, that activates PKB and that this corre- 
lates with the ability of the isolated PH domain (and the intact kinase) to 
bind to this particular phospholipid.* Similar to insulin, PDGF is able to 
activate PKB but this has no immediate effect on glucose metabolism. 
Other factors must be in place to direct the signal transduction pathway 
downstream of the insulin and the PDGF receptors. For instance, the 
proximity of phosphorylated IRS-1 to the insulin receptor relays the acti- 
vation of PKB in the direction of glucose metabolism. This connection is 
absent in the case of the PDGF receptor. 


I From PKB to glycogen synthase 


The minimum sequence motif required for efficient phosphorylation of 
small peptides by PKB is RxRxx(S/T)(F/L) and a number of substrates 
have been found that possess this. With respect to insulin signalling, one 
such substrate is glycogen synthase kinase, GSK-3B, phosphorylation of 
which suppresses its activity” (Figure 13.7). 

Inactivation of GSK-3f necessarily reduces the phosphorylation at reg- 
ulatory serine residues on glycogen synthase. Alone, however, this is not 
sufficient to cause the abrupt onset of glycogen synthesis. In order for this 
to occur, it is also necessary to remove the phosphate groups from the 
glycogen synthase by activation of the serine-threonine protein phos- 
phatase-1G (PP1G, see Figure 13.7). This is mediated through the action 
of the insulin-stimulated protein kinase (ISPK), a protein kinase homolo- 
gous to the ribosomal S6 kinase-II. The insulin-stimulated cell is now fully 
engaged in the synthesis of glycogen (see figure 17.10). 


I The role of Pl 3-kinase in activation of glucose transport and protein synthesis 


Insulin activation of glucose transport in muscle and fat occurs through 
the transfer of glucose transporter molecules (GLUT4) from intracellular 
vesicles to the plasma membrane. PI 3-kinase and phosphorylated IRS-1 
are co-localized on the surface of these vesicles. The mechanism by which 
PI 3-kinase mediates transfer to and fusion with the plasma membrane is 
not clear, but it is likely that PH domains play a role. 

PI 3-kinase is also implicated in regulation of protein synthesis through 
the eukaryotic translation initiator factor-4E (eIF-4E) and p70 S6-kinase. 
elF-4E is the limiting initiation factor in most cells and its activity plays a 
principal role in determining global translation rates. It is regulated by 
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Figure 13.7 Insulin-mediated activation of glycogen synthase. Binding of insulin 
to its receptors leads to the activation of PKB. One of the substrates of PKB is glycogen 
synthase kinase-3B, which becomes inactivated. In addition, the phosphatase PPIG 
ensures rapid dephosphorylation and activation of glycogen synthase allowing glycogen 
synthesis to recommence. 


phosphorylation, for instance through the ERK pathway, but also by bind- 
ing to translational repressor proteins, 4E-BPs. These are inactivated by 
phosphorylation (see Chapter 11). The S6 protein is a component of the 
40S ribosome subunit and its phosphorylation increases the rate of trans- 
lation resulting in enhanced protein synthesis.* The S6 component is 
phosphorylated by S6 kinase, of which several isoforms have been identi- 
fied.® Their activities are regulated by insulin, growth factors or 
glucagon.*’*®> Both 4E-BP1 and p70 S6-kinase are under the control of 
PKB, but this is indirect, involving yet another protein kinase, 
FRAP/mTOR (Figure 13.8). 

This was initially recognized as the target of rapamycin, an immuno- 
suppressant and an inhibitor of protein synthesis (structurally related to 
FK506, see Chapter 17). FRAP/mTOR phosphorylates 4E-BP1 and this 
causes the release of elF-4E, which can now participate in the initiation of 
protein synthesis.” It also phosphorylates p70 S6-kinase.*! 

There exists another and more direct way to activate p70 S6-kinase. 
Generation of PI(3,4,5)P, translocates PDK1 to the plasma membrane 
where it phosphorylates p70 S6-kinase at a site in the catalytic loop. As 
with the activation of PKB, a second phosphorylation has to occur in the 
C-terminal domain before it becomes fully activated. This is most likely 
brought about by one of the atypical PKCs, since growth factor-mediated 
activation of p70 S6-kinase is prevented in cells that express large 
amounts of inactive forms of PKCy and ¢.% However, this mode of 
activation is insensitive to rapamycin and we conclude that under 
physiological conditions it is not operational. 


Phosphoinositide 3-kinases, Protein Kinase B and Signalling 


growth factor 


+ 


eit PI 3-kinase 
= 4 
fE- PKB 
4 + 
ur 1 FRAP/mTOR 
Ser-64 : ) 
eh CIF 
4E 
mRNA 
p220 S6kinase GTP 
Met” SP -i 
q (S6) 
(ERK to MNK1) ETF TFG j 
~ pA. JerF-44 ue i 
eIF-4B A K 
p220 
initiation of 


protein synthesis 605. 


Figure 13.8 Regulation of protein synthesis by PI 3-kinase. Through activation of 
PKB, PI 3-kinase controls initiation and translation in protein synthesis. Activated PKB 
phosphorylates and activates the protein kinase FRAP/mTOR. This phosphorylates 
4E-BP I, an inhibitor of the initiation factor elF-4E. The liberated elF-4E attaches to the 
cap-structure of mRNA and by ironing out a hairpin it facilitates the association of 
elF2.GTP and the 40S ribosomal subunit. FRAP/mTOR also phosphorylates and activates 
S6 kinase, which in turn phosphorylates the S6 protein of the 40S ribosomal subunit. 
Phosphorylated S6 increases the efficiency of protein translation. Phosphorylation of 
4E-BP| and S6 plus the addiitional phosphorylation elF-4E (by MAP kinase) are essential 
for the increase of protein synthesis mediated by growth factors or insulin. 


E Other processes mediated by the 3-phosphorylated 
inositol phospholipids 


A number of seemingly disparate functions are modified in cells and 
organisms in which the synthesis of 3-phosphorylated lipids is chroni- 
cally altered (Figure 13.3). These include 


e The induction of haemangiomas in chickens and transformation of 
fibroblasts in cells containing a constitutively activated retrovirus- 
encoded PI 3-kinase. 


e Inhibition of PI 3-kinase prevents T-cell activation by preventing the 
translocation of NF-AT. 


e Invascular endothelial cells subjected to shear stress, nitric oxide syn- 
thase (NOS) is activated by PKB. The released NO relaxes the vascular 
smooth muscle. 
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e The GTPases, Rac and Cdc42 in cooperation with PI 4-P 5-kinase and 
PI 3-kinase, play a role in assembly of the submembranous actin fila- 
ment system leading to particle internalization.” 


e PKB phosphorylates and activates a transcription factor of the fork- 
head/winged-helix family.“ This has a function in resisting apoptosis 
and may regulate the lifespan of C. elegans. Mutants of this nematode 
having reduced activity of the insulin/IGF-1-receptor homologue 
DAF-2 and therefore unable to activate PI 3-kinase, live twice as long 
as normal. 


e In epithelial cells, activation of the apoptosis pathway is suppressed 
as a consequence of PI 3-kinase activation. We return to the consider- 
ation of this in Chapter 14. 


E Multiple kinases and multiple phosphorylation sites, 
PDKI as an integrator of multiple inputs 


The search for pathways leading to the activation of PKB and the discov- 
ery of the role of PDK1 has brought to light a general theme for activation 
of the serine-threonine protein kinases of the AGC family. 

A threonine residue in a consensus sequence present in the catalytic 
loop of all these enzymes (Table 13.1) must be phosphorylated to 
achieve catalytic activity (see page 404). Not only this, but a number of 
these enzymes also have a conserved sequence at the C-terminus that 
contains a second phosphorylation site (serine or threonine). When 
phosphorylated, this allows for maximal catalytic activity. PDK1 phos- 
phorylates several of the AGC protein kinase family (in addition to PKB, 
also p70 S6 kinase, PKCs a, B1, B2, 5, y and C) in their catalytic loops. 
Thus, it acts as a central regulator of protein kinases. The atypical pro- 
tein kinases C y and ¢ can phosphorylate PKCé and p70 S6 kinase at the 
second phosphorylation site in their C-terminal domains (see Table 
13.1). They may therefore also play a role in regulation of protein kinase 
activity. 

We begin to see that the idea of a simple linear sequence of phosphory- 
lations (an enzyme cascade) is no longer tenable.*© Instead, it now 
appears that particular protein kinases cooperate, perhaps as a complex, 
to phosphorylate each other and themselves, with the encouragement of 
appropriate second messenger(s) (Figure 13.9). These phosphorylations 
determine the catalytic activity of these protein kinases and so integrate 
the converging pathways on to PKB. 


E So, who did discover insulin? 


Probably ‘nobody discovered insulin’. It existed first as an idea (Minkowski), 
then as a proven hypothesis (Gley and others) and finally as a practical way of 
alleviating diabetes (Paulescu and Banting). (Adapted from Henderson.) 
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Table 13.1 Alignment of conserved sequences in the family of 
AGC protein kinases 


Protein Activation loop C-terminal domain 
kinase (PDKI site) (PDK2 site) 

PKB KTFCGTPEY FPQFSY 

p70S6K HTFCGTIEY FLGFTY 

PKCÖ HTFCGTIEY FLGFTY 

PKC STFCGTPDY FAGFSF 

PKCBI RTFCGTPDY FEGFSY 

PKCBII KTFCGTPDY FAGFSY 

PKCy RTFCGTPDY GOGFTY 

cAMP dependent protein kinase (no PDK2 site) 

PKAG WILCGTPEY FSEF (no PDK2 site) 
aPKC or PKC-related protein kinases (no PDK2 site) 

PKCL STFCGTPNY FEGFEY 

PKCA STFCGTPNY FEGFEY 

PRK1 STFCGTPEF FLDFDF 

PRK2 STFCGTPEF FRDFDF 


The catalytic loops and C-terminal domains of these proteins are 
phosphorylated by different kinases. Because the catalytic loops are 
always phosphorylated by PDKI, these are referred to as PDKI- 
sites. The phosphorylated residues in the C-terminal domains are 
known as ‘PDK2' sites, PDK2 has yet to be identified. From Peterson 
and Schreiber.® 


Figure 13.9 Converging different signals on to protein kinase B. 
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Signal transduction to and 
from adhesion molecules 


In this chapter we consider the adherence of cells to surfaces or to other 
cells and ask how this affects their responses to soluble agonists such as 
growth factors. The molecules that effect adhesion behave both as targets 
for signals that are generated within cells (hence, inside-out signalling) 
and as receptors for extracellular signals (outside-in signalling). These 
two aspects are well exemplified in the regulation of survival, prolifera- 
tion, differentiation and in leukocyte trafficking, discussed below. This list 
is far from complete. Adhesion molecules are also of prime importance in 
the functioning of synapses and in neuronal cell outgrowth, differentia- 
tion of keratinocytes, gene expression in mammary epithelial cells, 
thymic selection and the activation of T lymphocytes. 


E Adhesion molecules 


The binding of cells to the extracellular matrix and their attachment to 
other cells occurs through specific adhesion molecules. Initially these 
were described innocently as a sort of glue, sticky molecules having no 
functional implications. We now recognize that they also act as signalling 
molecules and are properly described as receptors (Figure 14.1). However, 
the ligands that interact with adhesion molecules are generally insoluble, 
frequently adhesion molecules themselves, presented by adjacent cells or 
components of the extracellular matrix. 

The adhesion molecules first came to light as a result of investigations 
of brain development around 1970. It was realized that the very precise 
organization of neural cells in the central nervous system must require a 
dynamic process of cell guidance and cell adhesion. This would drive the 
direction-seeking processes of neurite outgrowth and synapse formation. 
Two main ideas were presented.' The first suggested that during develop- 
ment, in order to establish precise cell-cell contacts, the interacting cells 
must each present unique adhesion molecules that fit each other as a lock 
and key (chemoaffinity hypothesis). The second idea was that the set of 
adhesion molecules is limited, but their binding capacity could be 
modulated over time. For instance, developing neuronal cells would all 
offer the same molecule, and during neurite outgrowth this would be in a 
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Figure 14.1 Three levels of communication. Cells are in contact with soluble 
ligands (hormones and cytokines), with each other and with the extracellular matrix. The 
latter two contacts are mediated by adhesion molecules which, in many instances, should 
be regarded as receptors which convey signals into the cells. 


low affinity state. The cell might then convert the adhesion molecule into 
its high affinity state, to promote binding to its counterpart on a nearby 
cell. 

It now appears that there is truth in both these propositions. The num- 
ber of adhesion molecules is certainly limited and their capacity to inter- 
act with counter-receptors is regulated by their levels of expression 
(presence or absence) and also by their binding state (affinity). In the 
realm of immunology, the set of adhesion molecules expressed on a cell 
surface and their state of activation has been called the ‘area code’? 

Clear evidence for specific adhesion interactions came from studies 
of the re-aggregation of disaggregated tissues. Tissue cells dispersed 
by treatment with trypsin, which strips proteins from the surface, only 
recover their adherent properties after a period in culture. The need for 
a recovery period suggested that new adhesion molecules must be 
expressed on the cell surface. The re-aggregation can be prevented by 
monovalent Fab, fragments prepared from antibodies raised against the 
cell membranes which block cell surface epitopes (Figure 14.2). 

Because such binding sites could never be saturated by a few micro- 
grams of ‘blocking’ antibodies the possibility of weak non-specific inter- 
actions was precluded and it followed that there is a limited number of 
specialized molecules that determine cell-cell interactions. These are the 
adhesion molecules, and the first to be discovered was the neuronal cell 
adhesion molecule (NCAM).3 

Early attempts to identify individual adhesion molecules were ham- 
pered by the lack of specific antibodies. A major advance was the advent 
of monoclonal antibodies and their application to questions regarding 
cell adhesion. This led to the identification of a molecule expressed on the 
surface of macrophages, Mac-1, which plays a pivotal role in the binding 
of leukocytes to the vascular endothelium.‘ It also determines the binding 
of the serum complement factor C3bi, which, together with the Fc recep- 
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tor, mediates activation of the respiratory burst (generation of toxic oxy- 
gen metabolites). 

Later, a monoclonal antibody that recognizes lymphocyte function- 
associated antigen-1 (LFA-1) was used to show that the binding of cyto- 
toxic T-lymphocytes to their target cells is also mediated by specific 
adhesion molecules.’ 

Adhesion molecules not only link cells to surfaces but they also make 
the connection between the extracellular matrix and the cytoskeleton. 
Because it was perceived that they integrate intracellular and extracellular 
events, they were called integrins. These proteins can bind to a wide 
range of extracellular matrix molecules, including fibronectin, vitronectin, 
osteopontin, thrombospondin, fibrinogen and von Willebrand factor. A 
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Figure !4.2 Reassembly of retinal dispersed cells: discovery of NCAM: (a) The 
re-assembly of dispersed cells is prevented by antibodies that recognize adhesion 
molecules. By this approach, the role of the adhesion molecule NCAM in the maintenance 
of tissue integrity was discovered. Since intact bivalent antibodies would have forced the 
cells to aggregate it was essential to use monovalent Fab, fragments that are unable to 
form crosslinks. (b) The generation of the fragments Fc, Fab, (monovalent) and Fab, 
(divalent) by enzyme digestion of immunoglobulin. 


Complement The term 
originally used to refer to 
the heat-labile factor in 
serum that causes immune 
cytolysis, the lysis of 
antibody-coated cells. It now 
refers to the entire 
functionally related system, 
comprising at least 20 
distinct serum proteins, that 
is the effector not only of 
immune cytolysis but also of 
other functions. 
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number of integrins bind these proteins through the recognition of short 
motifs such as Arg-Gly-Asp (RGD) or Glu-Ile-Leu-Asp-Val (EILDV).’ The 
adhesion molecules Mac-1 and LFA-1 share substantial sequence homol- 
ogy with the integrins, and it was confirmed that they too are members of 
this family of adhesion molecules. 


HE Naming names 


Adhesion molecules have been given names that express function (inter- 
cellular adhesion molecule-1, ICAM-1); location and function (endothe- 
lium leukocyte adhesion molecule-1, ELAM-1); the time of induction of 
expression during T-cell activation (very late antigen-4, VLA-4); or in 
recognition of their integration of the extracellular matrix with the intra- 
cellular cytoskeleton (integrins). Of course, there are other names, often 
bestowed after cloning (aM integrin) or through recognition by specific 
monoclonal antibodies (CD11b, cluster of differentiation 11b). If this is 
not all perfectly clear, then one should appreciate that CD18/CD11b is 
synonymous with Mac-1, which is synonymous with integrin aMB2 and 
that CD62E is synonymous with ELAM-1 which is synonymous with 
E-selectin. Such are the problems of nomenclature when molecular 
cloning rubs shoulders with immunology, pharmacology and all the rest. 


E immunoglobulin superfamily 


NCAM is a member of a large family of cell surface proteins that express 
repeated immunoglobulin-like domains at their extracellular N-termini. 
These Ig domains are globular loop-like structures resistant to proteases, 
stabilized by sulphydryl bridging (Figure 14.3). The proteins of the Ig-family 
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bind to B2-integrins bind to NCAM's binds to PECAM 
or aVB3 integrin 


Figure 14.3 Cellular adhesion molecules belonging to the immunoglobulin superfamily. These adhesion 
molecules are characterized by the presence of repeated loop-like structures that are homologous to those present in 
immunoglobulins (Ig-loops). There are several members of this family, all having a single membrane-spanning domain. 
They interact with different ligands (or counter-receptors). PIA, phosphatidyl inositol anchor. 
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of adhesion molecules include NCAM, platelet endothelial cell adhesion 
molecule (PECAM, CD31), ICAM- 1° and vascular cell adhesion molecule-1 
(VCAM-1).° They all have a single membrane-spanning domain. The 
subfamily of ICAMs can be subdivided into ICAM-1 and ICAM-3 (previ- 
ously CD50), and ICAM-2, the shortest, which has only two Ig-repeats and 
is constitutively expressed on all endothelial cells. There are two splice 
variants of VCAM-1 which express either five or seven Ig-domains. Thus 
far, no signal transduction pathway has been discovered that emanates 
from the adhesion molecules of the Ig class. Nor has any intracellular sig- 
nalling pathway been discovered that can alter their affinity. They are best 
regarded as ligands, not receptors. They bind to integrin molecules which 
act as true receptors on other cells. The regulation of cell-cell binding by 
the Ig-class is determined by their level of expression. 


E Integrins 


The integrins are the most dynamic and versatile of the adhesion mole- 
cules. They are composed of two subunits (a and §), linked non-covalently 
(Figure 14.4). There exist at least 12 a- and 7 B-subunits (Figure 14.5). The 
extracellular chains possess binding sites for divalent cations. Depending 
on the particular aß combination, they may bind to either ICAMs, 
VCAM-1 or MadCAM (on mucosal cells). They may also bind to compo- 
nents of the extracellular matrix and to the blood proteins, fibrinogen or 
von Willebrand Factor. The intracellular domain of the B-subunit interacts 
with the cytoskeleton. It can be phosphorylated, possibly affecting its 
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Figure 14.4 Structure of integrins. These adhesion molecules are composed of two 
non-covalently bound subunits (a and $) and they link the extracellular matrix to the 
intracellular cytoskeleton. The regulation of integrin activation, an inside-out cellular signal 
transduction pathway, remains poorly defined. 


adherent cells: 


interactions between the cells 
and the extracellular matrix 


leukocytes: 
interactions with 
adherent cells 


platelets: 
inding to fibrinogen, 
fibronectin, thrombospondin 


leukocytes: > and von Willebrand's factor and fibrinogen 
interactions with adherent cells 
al B5 al 
a2 a7 
32 aM 
; 81 aV alIb f 
a 
ab B3 aX 
a4 ad B8 ad 
B4 
B7 
examples: examples 
cell-to-extracellular matrix cell-to-cell 
a7ßi -- laminin aLB2 -- ICAM1, ICAM2, ICAM3 
aV§3 -- vitronectin/fibronectin aMp2 -- ICAM1 
aB -- fibronectin aLB2 -- ICAM1, ICAM2, ICAM3 


aóß4-- laminin 


adß2 -- ICAM-3, VCAM-1 


atßi -- collagen, laminin 


leukocytes-to-adherent cells 
a4B1 -- VCAM-1 


cells-to-extracellular matrix 
aMB2 -- C3bi , fibrinogen, ICAM1 
aX2 -- fibrinogen 


a4B7 -- MadCAM 


Figure 14.5 Mixing and matching integrin subunits. Various combinations of a- and B-subunits create integrins 
having specific ligand binding characteristics. The B2-integrins are restricted to blood cells, whereas [31 are also present 
in tissue cells. Platelets have the unique combination of allbB3, a vital component in the blood clotting cascade. 
Integrins bind to specific sequences in proteins of the extracellular matrix such as Arg-Gly-Asp (RGD) or 


Glu-lle-Leu-Asp-Val (EILDV). 


Latin, uva: grape; morum: 
mulberry; hence 
uvomorulin. 


binding activity and this may be of importance for circulating cells such 
as leukocytes. Here, chemokines (chemotactic cytokines) and their recep- 
tors (G-protein linked) play an important role. In contrast, for tissue cells 
(growing on a matrix) the integrins appear to be in a permanently active 
state. 


E Cadherins 


Specific adhesion molecules regulating intercellular recognition are fun- 
damental to the process of animal morphogenesis. In the formation of the 
early embryo, the compaction of the morula is mediated through 
Ca?*-dependent adhesion molecules” (Figure 14.6). Uvomorulin, one of 
the first to be identified, is instrumental in the transition from a grape-like 
to a mulberry-like embryo. 

Further studies, using embryonal carcinoma cells (teratocarcinoma 
F9 cells), revealed a whole range of Ca** dependent adhesion molecules, 
now collectively called cadherins." 

The cadherins comprise a large family of proteins (at least 11 members 
in humans). They have been classified on the basis of the sequence simi- 
larities of their extracellular domains, in particular the Ca’*-binding 
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Figure 14.6 The role of cadherin in the compaction of the eight-cell stage 
mouse embryo: (a and b) Scanning electron microscopy reveals that after three cell 
divisions (eight-cell stage) mouse embryos change from a uva (grape)-like to a morula 
(mulberry)-like aggregate. This process, called compaction, enables the cells to attach firmly 
to each other, manifesting the first signs of polarization. Their morphology now presents 
distinct basal (contact) and apical (peripheral) membrane surfaces. (c and d) Light 
microscope images showing the inhibition of the compaction process by anti-E-cadherin. 
The antiserum prevents the attainment of the compact form though cell division continues 
unimpeded. The non-immune serum allows compaction to proceed normally. This type of 
experiment demonstrated that contact between cells is mediated by a limited set of 
membrane adhesion molecules. (e) Immunofluorescence microscopy using anti-cadherin 
antibodies indicates that E-cadherin is located at the cell-cell boundaries of the mouse 
embryo at the morula stage. (f) Schematic presentation showing the changes in 
distribution of E-cadherin and its interaction with B-catenin following the formation of 
cell contacts. The polarization creates distinct basal and apical membrane surfaces. (g) The 
organization of actin as a purse-string that draws B-catenin and E-cadherin together, 
causing compaction of the embryo. Panels c, d and e courtesy of Rolf Kemler. 


domains” (Figure 14.7). The physiological significance of their striking 
Ca** dependence observed in vitro remains unclear. They were initially 
named after the tissue in which they were discovered (epithelial, placen- 
tal, neuronal, etc.), but these labels have little meaning since they are 
widely expressed. Uvomorulin is present in epithelial cells and proved to 
be the same as E-cadherin." In developmental processes, the expression 
of each cadherin subclass is regulated both spatially and temporally and 
this is associated with individual morphogenic events. Thus, the tendency 
of cells to segregate or aggregate correlates with the expression of partic- 
ular subclasses of cadherins. This is particularly apparent during gastru- 
lation and the formation of the neural tube. In addition, regulation can 
also occur through activation, as occurs at the onset of compaction 
(Figure 14.6). 

Cadherins generally mediate homotypic cell-cell adhesion, acting as 
both receptor and ligand. They are present in cell-cell junctions, adherens 
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junctions and desmosomes (Figure 14.8) where they are associated with 
bundles of cortical actin or intermediate filaments, via the intermediates 
of catenins or desmoplakin, respectively. By forming cell-cell contacts, 
the cadherins appear to act as tumour suppressors. When these fail, as in 
metastasizing epithelial tumours, there is a loss of baso-lateral localiza- 
tion (see below). 
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Figure 14.7 Molecular structure of cadherins. Cadherins form a large family of 
adhesion molecules characterized by five Ca?*-binding domains. In the cytosol they 
interact with the catenins (a, B and y) which, with a-actinin, make the bridge to the actin 
cytoskeleton. 
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Figure 14.8 Epithelial cells are firmly attached to each other by a set of 
junctions which resist physical stress. Tight junctions form a barrier for most 
solutes; adherent junctions are connected to the cellular adhesion belt and maintain 
tissue integrity; desmosomes are linked to intermediate filaments and also act to maintain 
cellular integrity. Cadherins make the connection in both adherent junctions and 
desmosomes through homophilic intercellular interactions. 


Signal Transduction to and from Adhesion Molecules 


BW Selectins 


Selectins are present on the surface of white blood cells, platelets and also 
the cells lining the blood vessels (endothelial cells). They mediate the ini- 
tial low-affinity adhesion sites for lymphocytes and for leukocytes such as 
neutrophils. This prepares the way for cell migration into the lymph 
nodes and tissues. Selectins contain a number of recognized domains. At 
the N-terminus there is a C-type (Ca**-binding) lectin domain. This 
enables binding to particular carbohydrate residues (galactose, N-acetyl 
glucosamine and fucose) present on cell surface glycoproteins and gly- 
colipids. Selectins also contain a single EGF-like domain and a series of 
repeats (complement regulatory protein, CRP) (Figure 14.9). The reten- 
tion of lymphocytes in lymph nodes can be prevented by monosaccha- 
rides (I-fucose and d-mannose), and by the polysaccharide fucoidin (rich 
in |-fucose), giving an indication that carbohydrate residues may be 
involved in the homing of lymphocytes." This was confirmed by the find- 
ing of a lymph-node-specific homing receptor which possesses a C-type 
lectin domain.” Various selectins, mediating intercellular interactions, 
have since been identified in vascular endothelial cells (E), platelets (P) 
and leukocytes (L). L-selectin, responsible for lymphocyte homing, is 
expressed on all circulating leukocytes except for a subpopulation of 
memory cells. It recognizes CD34 (a heavily glycosylated mucin) on 
endothelial cells. E- and P-selectins are expressed on endothelial cells and 
recognize, respectively, sialyl LewisX and P-selectin glycosylated ligand-1 
(PSGL-1) on leukocytes. 

Little is known about the role of the selectins in signal transduction. 
However, we cannot let them pass without remarking on their remarkable 
property by which their affinity is modulated by the imposition of shear 
forces.'® 


adhesion molecule complement regulatory 


ligand protein domains (CRP) 
PSGL-1 E pm ea — Www 
P-selectin 
sialyl LewisX | ee 
ki E-selectin 
EGF-like domain 
Coan E TE 


t L-selectin 
lectin-like domain 


Figure 14.9 Molecular structure of selectins. The selectins are characterized by the 
presence of an N-terminal lectin-homology domain and a variable number of CRPs. 
Through their lectin domain, selectins interact with sugar residues present in cell surface 
glycoproteins and glycolipids. 
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Selectin Homologous to 
the Ca**-dependent (C-type) 
lectin. Lectin is derived from 
the word select, and originally 
applied to plant proteins that 
bind to specific carbohydrate 
residues present on 
nitrogen-fixing bacteria. They 
have been used in cell 
biological work because they 
bind to specific glycosidic 
residues present in the Golgi 
system and on cell surfaces. 
Only later was it found that 
animal cells also possess 
similar proteins, generally on 
the surfaces of endothelial 
cells. 


sialyl Lewis Sialylated 
sugars expressed on blood 
cells that serve as antigens in 
blood group typing as 
developed by Lewis. 


Glycosaminoglycans and 
the extracellular matrix 
proteins share with wood 
and reinforced concrete the 
valuable qualities of 
resistance to the forces of 
tension and compression. 
These are two important 
requirements for the 
construction not only of 
organisms but also of 
buildings. 


al Transduction 


wa 
a 


I Cartilage link proteins 


The glycosaminoglycan hyaluronan, a high molecular weight polysac- 
cacharide (with the repeating unit p-glucuronic acid (1-B-3) N-acetyl-p- 
glucosamine), is present in the tissue matrix and body fluids of all 
vertebrates. It plays a fundamental role in regulating cell migration and 
differentiation.” The majority of hyaluronan-binding proteins belong to 
the cartilage link-protein superfamily. All of these contain a conserved 
disulphide-linked link module (approximately 100 amino acid residues) 
that has a three-dimensional structure resembling the sugar-binding 
domain of E-selectin. They can be further subdivided in two groups, those 
that are true cellular adhesion molecules such as CD44'*'* and those that 
are components of the extracellular matrix, such as cartilage-link protein 
itself, aggrecan, versican, brevican and TNF-stimulated gene-6 (TSG-6).”° 
This second group plays an important role in the architecture of the 
extracellular matrix, bringing together the pressure resistant qualities of 
glycosaminoglycans and the tension resistant qualities of the extracellu- 
lar matrix proteins, an essential quality of cartilage in articulated joints. 
CD44, originally discovered as the homing receptor of lymphocytes, is 
the best studied of the cartilage link proteins. It is required when lympho- 
cytes bind to high endothelial venules and leave the circulation to enter 
lymph nodes.”' It is a single membrane-spanning protein encoded by 19 
exons of which 9 in the extracellular domain (v2-v10) are variably spliced 
(Figure 14.10). Because of the extensive glycosylation and the variable 
regions, the molecular mass of CD44 can vary between 85 and 200 kDa. 
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Figure 14.10 Molecular structure of CD44. This adhesion molecule is a member of 
the family of cartilage link proteins, characterized by a link-domain which serves as a 
binding site for the glycosaminoglycan, hyaluronan. CD44 has a number of exons that are 
variably spliced, v2—v10, and a large number of glycosylation sites. This heterogeneity has 
functional consequences, determining its capacity to bind FGFs or HGF/SF and its role in 
cell migration and metastasis of tumours. 
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The link-module is implicated in the binding of hyaluronan, but the spli- 
cing extends the range of binding capacities. For instance, the inclusion of 
exon v3 allows the attachment of heparan or chondroitin sulphate, 
enabling it to interact with fibroblast growth factor (FGF)-4 or -8 and with 
hepatocyte growth factor/scatter factor (HGF/SF). Other potential ligands 
are osteopontin, fibronectin and ankyrin. Homophilic intercellular inter- 
actions with CD44 are also reported. 

The splice variants stimulated great interest when it appeared that 
CD44v4-—7 might determine metastasis in rat pancreatic tumour cells. In 
short, it seemed at first, to have the quality of a metastasis gene product.” 
More than this, a monoclonal antibody raised against v6 prevents metas- 
tasis. Unfortunately, however, although human tumours often express 
CD44-splice variants, and although in certain instances this is a marker 
for poor prognosis, there seem to be no functional implications in the 
process of metastasis. The signal transduction pathway emanating from 
CD44 remains uncertain. A number of membrane proteins, including 
ezrin, radixin, and moesin, that associate with CD44, belong to the group 
of erythrocyte band 4.1-related proteins. These are proposed to function 
as links between the membrane and the cytoskeleton,” but it remains to 
be shown that they actually relay signals from CD44 into the cell. Another 
point of interest is, of course, the capacity of CD44v3 to bind growth fac- 
tors of the FGF and HGF/SF families. This may mean that it is involved in 
the recruitment of the respective receptors, thereby mediating intracellu- 
lar signalling. In the following sections, signalling to and from CD44 will 
not be further discussed. 


E Adhesion molecules and cell survival 


The survival of endothelial and epithelial cells depends critically upon the 
contacts they make with each other and with the extracellular matrix. 
Without contact, they die through the controlled process of apoptosis.” 
This mechanism protects the organism against dysplastic growth (mean- 
ing wrongly formed, abnormal: see ‘Cancer and cell transformation’, page 
246), preventing stray cells from colonizing inappropriate locations. Cells 
have an intrinsic drive to self-destruct but are prevented from doing this 
by signals emanating from specific ‘rescue’ pathways (Figure 14.11). One 
such signal (outside-in) follows from the attachment of the integrin a5ß1 
to the extracellular matrix. 

When fibroblasts spread on an extracellular matrix having fibronectin 
as an abundant component, the integrins (mainly «581 and aVß3) form 
multimeric clusters that attach to the cytoskeleton at focal adhesion sites. 
These are composed of a number of proteins, some having structural, 
others signalling roles. Together they form a focal adhesion complex as 
depicted in Figure 14.12a. The structural components vinculin and talin 
form a binding site for the actin cytoskeleton and thus direct the forma- 
tion of stress fibres and actin structures within the cortical region of 
the cell. Talin also forms the site of attachment for the tyrosine kinase 
FAK (focal adhesion kinase). Attachment, resulting in activation and 


The basal lamina is a thin 
layer made up of laminin and 
entactin (glycoproteins), type 
IV collagen, and perlecan 
(heparan sulphate 
proteoglycan). 
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Figure 14.11 The basics of apoptosis. Attachment of tissue cells to the extracellular 
matrix protects them against apoptosis (programmed cell death). When tissue cells, such 
as epithelial or endothelial cells, are brought into suspension they become susceptible to 
self-destruction, even in the presence of sufficient growth and nutrient factors. 


autophosphorylation (Tyr397) enables FAK to act as a docking site for the 
SH2 domain of the p85-regulatory subunit of PI 3-kinase (Figure 14.12a) 
leading to the generation of phosphatidyl inositide 3-phosphate lipids. 

Downstream in the pathway of rescue, PKB effects a number of phos- 
phorylations”®?’ which, if inhibited, prevents rescue from apoptosis.”® 
PKB promotes rescue through at least two pathways. One is through 
direct phosphorylation and inactivation of components of the apoptotic 
machinery, including Bad and Caspase-9.” The other is by phosphoryla- 
tion of FKHRLI, a transcription factor (member of the Drosophila fork- 
head/winged-helix family). When phosphorylated, FKHRL1 is retained in 
the cytosol and is so prevented from activating genes critical for induction 
of factors that promote cell death (such as the Fas ligand).°° 

The importance of FAK is underlined by the finding that cells express- 
ing a constitutively active form survive in suspension, even though they 
are effectively ‘homeless’.*! The situation normally provoking the death of 
cells following detachment has been called anoikis (meaning homeless). 
Here, the protein kinase is active regardless of the failure to make contact 
with an extracellular matrix. Rescue from apoptosis also occurs when 
cells express constitutively activated oncogenic forms of Ras or Src, and 
thus activate PI-3 kinase and the ERK pathway. Unlike FAK, these not only 
prevent apoptosis but also promote proliferative signals that result in 
tumour formation (see Chapter 11). 

One might expect that circulating cells, such as leukocytes, must have 
other pathways to protect them from apoptosis. For sure, some white 
blood cells such as neutrophils are very short-lived (just a few hours in the 
blood), but others, such as the lymphocytes responsible for immuno- 
logical memory, survive for years. Whether memory cells need to be 
continually reminded to survive by occasional encounters with other cells 
or the extracellular matrix remains to be established. 
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Figure 14.12 Survival and proliferation: (a) The focal adhesion site promotes cell survival signals through 
activation of protein kinase B (PKB). As tissue cells spread out on an extracellular matrix, focal adhesion sites are 
formed. These are composed of clustered B|-integrins associated with talin, vinculin and the actin cytoskeleton. The 
focal adhesion kinase FAK attaches to talin, autophosphorylates on a tyrosine residue (Y397) and provides the 
activation signal for PI 3-kinase. Production of PI(3,4,5)P, provides a binding site for the PH domains of PDK I and PKB. 
PKB is phosphorylated on two serine/threonine residues and detaches from the membrane to phosphorylate and 
inactivate substrates that would otherwise sensitize the cells to apoptosis. These include Bad, caspase-9 and the 
transcription factor FKHRL-I. (b) The focal adhesion site promotes cell proliferation signals through activation of Ras. 
Autophosphorylation of FAK (¥397) also generates a docking site for Sre which phosphorylates FAK at a second 
tyrosine residue, Y925. This acts as the docking site for the adaptor Shc which itself becomes phosphorylated and binds 
Grb2. This initiates the activation of the Ras-ERK pathway, necessary for initiation of the cell cycle. 


I Jun-N-terminal kinase (JNK) induces apoptosis in detached epithelial cells 


While FAK and PKB together promote rescue, the pathway that driv: 

detached cells into apoptosis involves the JNK pathway (described in 
Figure 11.15, page 274). Cells containing dominant negative components 
of the JNK pathway are resistant to apoptosis.***4 However, there is an 
important difference in the mechanism. The activation of MEKK-1 
occurs, not through phosphorylation, but through limited proteolysis by 
caspase-3 (the caspases are sulphydryl enzymes that cleave peptides at 
specific aspartate residues, see ‘Apoptosis’, page 335). The consequent 
activation of JNK prepares cells for apoptosis. How the FAK/PKB and JNK 
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Figure 14.13 Stress-induced signals for apoptosis. Non-adherent cells lack the 
FAK-mediated survival signal and, moreover, facilitate apoptosis by activation of the JNK 
pathway. Caspase-3, activated by procaspase-8, cleaves MEKK- 1I, causing its activation. This 
is followed by phosphorylation and activation of JNK. JNK phosphorylates and activates 
the Jun family of transcription factors which induce transcription of genes implicated in 
the induction of apoptosis. 


pathways are involved in the downstream processes that determine sur- 
vival or death remains uncertain. 


ME Scatter factor rescues endothelial cells from apoptosis 


In the process of wound healing, damaged tissues become revascularized. 
The newly formed endothelial cells migrate under the guidance of a 
matrix of collagen and hyaluronan already deposited by the tissue fibro- 
blasts and macrophages. In this way, they move into the wound. However, 
to do this, they must detach, at least partially, from the extracellular 
matrix and this could make them vulnerable. Their migration is induced 
by an angiogenic factor, scatter factor (also known as hepatocyte growth 
factor) which also protects them against apoptosis. 


E Adhesion molecules and regulation of the cell cycle 


An essential requirement for the proliferation of tissue cells, driven by 
growth factors, is their attachment to a suitable surface. If EGF or PDGF is 
added to suspended fibroblasts, the activation of the ERK pathway is 
merely transient. The cells fail to proliferate and die through apoptosis.” 
Proliferation only proceeds under the influence of two independent stim- 
uli, one due to a growth factor, the other from adhesion molecules. 

The assembly of focal adhesion complexes that occurs when fibroblasts 
spread on a fibronectin matrix involves the clustering of integrins which 
attach to the cytoskeleton. This assembly also requires monomeric 
GTPases of the Rho family, in particular Rac and RhoA.” However, the 
signal directing exchange of guanine nucleotides, which precedes cluster- 
ing, remains uncertain. One possibility is offered by the opposing effects 
of the a-subunits of G,, (negative) and G,, (positive) on the guanine 
nucleotide exchange activity of RnoGEE* It is evident that RhoA mediates 
its effect in the assembly process through the activation of PI-4P 5-kinase, 
generating PIP, (Figure 14.14). As a result, vinculin attaches to the plasma 
membrane and unmasks cryptic binding sites that allow it to form a cross 
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bridge between talin (which is linked to the integrin) and actin (the 
cytoskeleton).* 

The formation of integrin clusters allows the binding of FAK which 
undergoes autophosphorylation (Tyr397) and then recruits Src (or Fyn) 
kinases, to cause further phosphorylation (Tyr925) and the formation of 
an activated tyrosine protein kinase complex. The phosphorylated FAK, 
residue Tyr925, now binds the adaptor protein Shc, which binds Grb2 and 
activates the Ras pathway (Figure 14.12). This may serve to augment the 
signal from the growth factor receptor and results in prolonged activation 


(a) growth factor receptor 


RhoA 
PIP-5 kinase 


`Y PI 4-P —> PI 45-P, # 


stress fibres (actin) 


formation of focal contacts and stress in the absence of a functional RhoA 
fibres ona fibronectin matrix the cells do not form proper focal contacts 
in the presence of serum and stress fibres remain absent 


Figure 14.14 Formation of focal adhesion sites: (a) Growth factors play an 
essential role in the formation of focal adhesion sites through activation of the GTPase 
RhoA. This promotes formation of PIP, through activation of PI-4P5 kinase. The PIP, 
attaches to vinculin, causing it to open up so that it can attach to both talin and actin, 
making the link between the integrins and the cytoskeleton. The role of RhoA in this 
process is nicely illustrated in the micrographs of cells stained with (b) fluorescent 
phalloidin that binds to actin or with (c) antibodies against vinculin. In the presence of 
matrix proteins and serum, the fibroblasts spread out, forming stress fibres (b) and focal 
adhesion sites (c). However, when a non-functional N19-RhoA is introduced (a so-called 
dominant negative mutant), this is prevented. Even in the presence of abundant growth 
factors these cells are unable to enter the cell cycle. Adapted from Clark et al.°? 
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of ERK (Figure 14.15).4 The sustained signal ensures progression from 
G, to G, and entry into the cell cycle. 

Downstream from the focal adhesion complex, GTPases of the Rho 
family are again at the centre of events, relaying both inside-out and out- 
side-in signals, this time initiating entry into the cell cycle (Figure 14.16). 
The molecular components linking these GTPases with the integrins and 
then with the subsequent processes needed for entry into the cycle have 
not yet been fully elucidated. However, prolonged activation of Ras 
through the concerted actions of growth factors and integrins not only 
triggers the ERK pathway, but also stimulates a series of events culminat- 
ing in the activation of RhoA. This then plays a crucial role in cell cycle 
progression through its effect on the expression of the inhibitor p21”*“P 
(see Policing the drivers of the cell cycle, page 240). The presence of a 
mutated, dominant negative RhoA, prevents initiation of DNA synthesis 
by constitutively activated forms of Ras because the cells continue to 
express p21 at a high level, thus preventing the protein kinase activ- 
ity of the cyclinD/CDK4 or cyclinE/CDK2 complexes. When Rho is active, 
expression of p21”/“P is suppressed and DNA synthesis proceeds. The 
picture that emerges is that Ras emits at least two signals. One of these is 
a growth promoting signal mediated through the activation of ERK, the 
other activates RhoA thereby allowing cells to pass through the G, 
phase.*23 
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Figure 14.15 Two signals required for induction of cell proliferation. The signals due to the receptors for 
growth factors and from focal adhesion sites converge at Ras and ensure sustained activation of ERK and its 
translocation to the nucleus. Only under these conditions does expression of cyclins D and E ensue. These, together 
with the cyclin-dependent protein kinases (CDKs) then drive the cells through the G, phase of the cell cycle to induce 


a round of proliferation. 
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Figure 14.16 The activation of RhoA downstream of Ras is essential for 
proper induction of the cell cycle. Sustained activation of Ras not only results in the 
sustained activation of ERK, but also the activation of RhoA. This inhibits the expression 
of the cell cycle inhibitor p21**<P, an important regulator of the protein kinase activity of 
the cyclinD/CDK4 and cyclinE/CDK2 complexes. 


E Adhesion molecules as tumour suppressors 
ME Acherens junctions and desmosomes in endothelial and epithelial cells 


The surfaces, separating the interior from the exterior, including the skin, 
the linings of the body cavities and the gut are formed from tight sheets of 
epithelial cells. Similarly, the lining of the vasculature, including the heart, 
blood vessels and lymphatics, is formed from endothelial cells which are 
specialized epithelial cells. The extracellular matrix is minimal, compris- 
ing a thin sheet, the basal lamina. It is the cells themselves that bear the 
brunt of physical stresses such as the peristalsis of the gut and the pul- 
satile movement of the vasculature. Tissue structure is maintained by an 
elaborate series of cellular attachments, tight junctions (also known as 
zonula occludens), adherent junctions and desmosomes (Latin occludo to 
block-up; desmo meaning comb, hence bundle) (Figure 14.8). 

Tight junctions form the impermeable barrier between the exterior and 
the interior. The selective passage of solutes through the cellular sheet is 
mediated by transporter proteins in the plasma membrane and by traf- 
ficking vesicles within the cells. Both of these are particularly abundant in 
epithelial and endothelial cells. At tight junctions the plasma membranes 
of two cells are brought into tight apposition by homotypic interactions of 
several molecules of the membrane protein occludin, which is complexed 
with zonula occludens (ZO) -1 and -2. The adherent junctions and desmo- 
somes ensure resistance to physical stress. The adhesion molecule cad- 
herin, attached to the cytoskeleton, plays an important role. In the 
desmosome it is linked to desmoplakin, the site of attachment of the 
intermediate filaments. In epithelial cells these are formed from polymers 
of keratin. Malformed keratin, as occurs in the rare inherited condition 
epidermolysis bullosa, is associated with a tendency for skin chafing and 
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blistering due to rupture of epidermal cells in the basal layer. The adher- 
ent junctions are the sites at which cadherin is linked to catenins, to 
which actin filaments attach. This structure forms the cellular adhesion 
belt, essential for tissue integrity (a role comparable to the steel rods in 
reinforced concrete). 


BB Loss of adherent junctions induces de-differentiation 


If the adherent junctions stabilizing a cell layer are artificially destabi- 
lized, for instance by antibodies against cadherin, there is a loss of cell 
polarity, the particular spatial distribution of the membrane proteins 
becoming randomized. The insulin binding proteins (normally disposed 
on the basal surface), and the glucose transporters (normally disposed on 
the apical surface), are now distributed all over the membrane. The tight 
junctions disassemble through detachment of the ZO-proteins. The link 
between the cadherins and the catenins is broken, and, like the 
ZO-proteins, these are now scattered into the cytosol (Figure 14.17).“4 The 
cells produce more fibronectin (extracellular matrix), and switch from 
the production of keratin to vimentin (both forming intermediate fila- 
ments). In short, they begin to resemble fibroblasts. This phenomenon, 
also referred to as the epithelial-mesenchymal transition, plays an import- 
ant role in the reorganization of tissue in the developing embryo. It allows 
tight sheets of cells to loosen up, detach and then migrate, to establish 
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Figure 14.17 Loss of cell-cell contact and the dissipation of cell polarity. The polarized state is well 
illustrated by the selective distribution of insulin binding proteins (basolateral surface) and the Na/glucose symporters 
(apical surface). With the loss of adherent junctions this polarization of functions dissipates, tight junctions disappear. 
The Na/glucose symporters and insulin binding proteins are distributed randomly. The cells become de-differentiated. 
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new tissues elsewhere (organ development). A similar, but uncontrolled 
transition occurs in the formation of cancer cells as a consequence of 
transformation of epithelial cells. 


I B-Catenin plays a crucial role in the de-differentiation of epithelial cells 


B-Catenin is important in the stabilization of adherent junctions but 
when detached from cadherin its role changes radically. On liberation 
into the cytosol it translocates to the nucleus where it associates with the 
ternary transcription factor, Tcf.® 

The B-catenin/Tcf complex induces expression of the genes for cyclin- 
D1, c-myc and fibronectin, all favouring entry into the cell cycle.4”*® More- 
over, it also represses apoptosis” (Figure 14.18). In an experimental 
model, ectopic (over-) expression of B-catenin was found to promote cell 
de-differentiation.®® Clearly, the uncontrolled liberation of B-catenin 
can have sinister consequences (Table 14.1). Under normal circum- 
stances the concentration of cytosolic B-catenin is strictly limited by its 
association with a complex from adenomatous polyposis coli (APC), con- 
ductin and glycogen synthase kinase-3B (GSK 3B). Once associated in 
the complex, B-catenin becomes phosphorylated on several residues and, 
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Figure 14.18 Loss of cadherin-mediated cell-cell contact induces proliferation. 
This occurs through the creation of B-catenin/Tcf transcription factor complexes. 
Depolarized and de-differentiated epithelial cells (as illustrated in Figure 14.17) acquire 
the capacity to proliferate and a badly organized multilayer of epithelial cells gradually 
develops. B-Catenin liberated from the adherent junctions associates with the 
transcription factor Tef to induce the expression of genes (cyclinD 1, c-myc and 
fibronectin) that promote the cell cycle. In addition, they establish a survival pathway that 
renders these cells less prone to apoptosis. By forming a complex with APC (bound to 
conductin), B-catenin is brought into the vicinity of GSK-3. Phosphorylation at 
serine/threonine residues enables ubiquination of B-catenin, marking it for destruction. 
Under non-pathological conditions, the liberation of B-catenin is always transient. 


Tef T-cell factor, initially 
cloned as a lymphoid cell 
transcription factor. 
Members of the Tcf family 
are now recognized as 
activators and repressors of 
genes implicated in 
regulation of the cell cycle in 
a number of cell types. The 
T-cell factor is quite distinct 
from the ternary complex 
factor p62", linked with the 
MAP kinases (page 271). 


Table 14.1 Mutations of -catenin and APC in human cancers 


Mutated genes Consequence Type of cancer 


B-catenin Insensitive to APC-mediated Invasive colon cancer 


Cadherin Non-functional truncated protein Colon cancer 


as a consequence, it is targeted for destruction through the ubiquitin- 
proteasome pathway.*! 


HE Mutations of B-catenin and APC in human cancers 


Loss-of-function mutations in genes coding for cadherin and the APC 
protein, and gain-of-function mutations in the gene coding for B-catenin, 
are implicated in carcinogenesis, particularly in the colon.®? These muta- 
tions and their consequences give evidence for the important regulatory 
roles of these proteins. In some patients with colon cancer the gene for 
E-cadherin expresses a truncated product. This shortened protein is 
unable to participate in junctional complexes so that the adherent junc- 
tions are improperly formed. Over time the cells detach and become inva- 
sive. In a culture of highly invasive epithelial cells (of kidney or mammary 
gland origin), the ectopic expression of functional E-cadherin was found 
to reduce the invasive phenotype. The cells reformed as a single epithelial 
sheet and re-established their polarity. A mutated form of B-catenin, 
insensitive to degradation, cannot be properly cleared from the cytosol 
and as a result it translocates to the nucleus and associates with Tcf. Here 
it activates gene expression, resulting in invasive tumour development.” 
Finally, in the condition adenomatous polyposis coli, the APC protein 
is mutated and incapable of promoting the destruction of cytosolic free 
B-catenin.*® 


ME A role of cadherin in contact inhibition? 


Contact inhibition is the term used to describe the abrupt arrest of the cell 
cycle that occurs in cultures of rapidly proliferating epithelial cells at the 
point when a confluent monolayer forms. The phenomenon has been 
recognized for many years but, even now, a full description of the molec- 
ular mechanism remains elusive. It was clear from the start that the arrest 
is not a consequence of accumulation of inhibitory factors but is medi- 
ated by an adhesion molecule.** Cadherin plays an important role. As the 
density of the cells increases, so enabling them to make multiple contacts, 
the forming adherent junctions sequester the free B-catenin and in this 
way reduce the proliferation promoting action of Tcf/B-catenin. A pro- 
gramme of cell differentiation and complete cell cycle arrest ensues. 
There are certainly other molecules involved in this process, among them 
very likely, receptor protein tyrosine phosphatases” (see Chapter 17). 
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H Essay: Apoptosis 


Cell death is a normal, indeed essential, aspect of organ development and 
it is manifest throughout adult life.” As an extreme example, neutrophils 
are short lived, surviving in the circulation for about 4 hours. Millions die 
and are replaced by new cells every minute. Nerve cells also die, but are 
not replaced. In the human brain, the number of neurones is maximal at 
age 3 months. It appears that neuronal cells have access to a limited 
amount of a survival factor, produced by the neighbouring cells with 
which they are in contact at synapses. Neuronal cells that have inade- 
quate or incorrect connections, not fully integrated into the neuronal net- 
work, become starved of survival signals. Cells dying for these reasons (as 
opposed to cells damaged by injury, which undergo necrosis) commit a 
form of controlled suicide, called programmed cell death or apopto- 
sis.75°8-® Tt is apparent that all cells have continuously to face up to the 
possibility of suicide. Indeed, in the absence of survival factors this must 
be counted their normal destiny. 


M Characteristics of an apoptotic cell 


A cell undergoing apoptosis can be recognized by the gradual disintegra- 
tion of its nuclear envelope and the presence of highly condensed chro- 
matin in the nucleus. The plasma membrane forms small blebs and 
vesicles. It loses contact with the extracellular matrix, shrinks and gradu- 
ally disintegrates, without, however, releasing its content into the envi- 
ronment (Figure 14.19). The detritus is scavenged within hours by 
neighbouring cells or by professional macrophages without the slightest 
sign of inflammation. This contrasts with cells dying as a result of tissue 
injury (necrosis) in which they undergo lysis, releasing their contents into 
the environment to induce an inflammatory response that serves to initi- 
ate the process of tissue remodelling and repair (wound healing). 


E Caspases, cellular proteases cause apoptosis 


A good understanding of the mechanism of apoptosis came from genetic 
studies using the nematode C. elegans. It was found that deletion of CED 
genes (cell death abnormal) prevent the programme of cell death that is 
integral to the process of development. The effect was to alter the sculp- 
ture of the embryo. Homologous genes exist in mammals. These code for 
proteolytic enzymes of the family of caspases that contain a cysteine 
residue in the catalytic site and cleave their substrates at a consensus 
motif, Asp-Glu-Val-Asp (hence, cysteine-aspartate-proteases).“ Pro- 
caspases are activated by cleavage at the same consensus site, either by 
themselves or by other caspases. There exist two classes of caspases, those 
that exclusively cleave and activate other caspases, (initiator caspases), 
and those that cleave other proteins (effector caspases) (Figure 14.20). Of 
course, the initiator caspases themselves have to be activated. It appears 
that the activity of these enzymes is suppressed through binding to 
inhibitory proteins that prevent their dimerization, thus preventing their 


apoptosis From the Greek 
anw (from, away, detached); 
mt@o1¢ (falling). Hence, 
falling away. 


control apoptotic cell 


Figure 14.19 Induction of apoptosis - morphology: (a) Apoptotic cells are 
characterized by retraction of the cell body, formation of membrane blebs and 
disintegration of the nucleus. The fibroblast cell surface was stained with anti-CD44 
antibodies (FITC green) and the nucleus with DAPI (red). (b, c) Transmission electron 
micrographs illustrating the apoptotic process in a mouse T-cell lymphoma. The 
characteristics of apoptosis, nuclear fragmentation (arrows) and formation of cytosolic 
vacuoles are evident. The cells expressed a human Fas-antigen (see page 339) and 
apoptosis was induced by treatment with anti-Fas antibodies. (b) and (c), Courtesy of 
Shin Yoneraha and Masazumi Sameshima. 


mutual activation.™ Only when a sufficient amount of initiator caspases is 
activated does the process of cell destruction become inevitable. 


® Cellular targets of caspases 
Different caspases have different roles (Figure 14.21): 


e inactivation or destruction of inhibitors of apoptosis 

e inactivation of the inhibitory protein (ICAD) of the caspase activated 
DNAase (CAD). The inactivation of ICAD, through proteolysis, allows 
CAD to degrade strands of DNA 
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inactivation of Bcl-2, a protein that maintains caspases in their inac- 
tive state (see below) 

destruction of cellular compartments and signal transduction path- 
ways 

degradation of proteins that direct the organization of the cytoskele- 
ton, such as gelsolin, p21l-activated protein kinase (PAK), FAK or 
lamin 


destruction of the machinery that repairs and replicates DNA 


degradation of repair enzymes, DNA-dependent protein kinase 
(DNA-PK), the splicing enzyme U1-70K and the replication factor C. 
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Figure 14.20 Initiator and effector caspases. Cascades of caspase activation. The 
cascades are initiated by apoptotic signals that activate the initiator caspases. These in 
turn activate effector caspases that cleave their specific substrates causing apoptosis. 
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Figure 14.21 Different apoptosis targets of effector caspases. 
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PAK-2 is cleaved during 
apoptosis through the action 
of a caspase. This activates 
PAK2 which effects changes 
in the morphology of the 
apoptotic cell. 

DNA-PK, DNA-dependent 
protein kinase holoenzyme, 
acts as a serine/threonine 
protein kinase that 
phosphorylates many 
DNA-binding proteins and 
transcription factors. 
Defective DNA-PK activity is 
linked to defective 
DNA-repair. 

Replication factors A and 
C (RF-A and RF-C) Cellular 
proteins essential for 
complete elongation of DNA 
during replication and 
transcription. 


tA DNA repair 
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Bcl-2 B-cell lymphoma due 
to a chromosomal 
translocation that 
recombines the candidate 
transforming gene bcl-2, with 
the Ig heavy chain. 

The human Bcl-2 protein is 
remarkably similar to Ced-9 
and it can suppress apoptosis 
in C. elegans when artificially 
introduced. Apparently the 
apoptosis machinery is well 
conserved throughout 
evolution. 
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M Regulation of caspases 


These examples illustrate the role of various regulatory proteins impli- 
cated in the induction of apoptosis under different conditions. 


Regulation by Bcl-2 
Apoptosis can be induced by an intracellular signal as a response to an 
insufficiency of external survival factors. Alternatively, there is the possi- 
bility that it may be controlled by an internal clock. Bcl-2, a protein origi- 
nally implicated in the generation of B-cell lymphomas, plays an 
important role. 

These tumours arise as a consequence of a chromosomal translocation 
that places a number of genes in the vicinity of a hyperactive IgH locus. 
One of these, bcl-2, becomes heavily transcribed (Figure 14.22) and by 
inhibiting apoptosis, it acts to increase the lifespan of the B-lymphocytes 
and contributes to tumour formation. 

Bcl-2 binds to Apaf, an adaptor for initiator procaspases, and in this 
way prevents their dimerization and mutual activation (Figure 14.23). 
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Figure 14.22 Translocation of Bcl-2. Translocation between chromosome 14 and 18 
brings the bcl-2 locus under regulation of the very active IgH locus. This augments the 


expression of Bcl-2 with the consequence of enhanced protection against apoptosis. 
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Figure 14.23 Bel-2 and the activation of effector caspases. The activated 
inhibitor of Bcl-2 competes for binding with Apaf. This liberates the Apaf/initiator 
procaspase complex which now dimerize and activate each other. 
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Bcl-2 is present on the surface of organelle membranes (mitochondria, 
endoplasmic reticulum, nucleus). When an apoptotic signal is presented, 
the cells activate an inhibitor of Bcl-2, Bad for instance, that competes 
with the binding of Apaf. The Apaf/initiator procaspase complex is thus 
dislodged and Bcl-2 remains attached to the inhibitor, so enabling initia- 
tor pro-caspases to approach and cleave each other. In this way, active ini- 
tiator caspases are generated, and the cascade of proteolytic reactions 
commences, resulting in cell death. 


™ Induction of apoptosis by Fas ligand 

Apoptosis can be induced by external signals through activation of the Fas 
receptor by the Fas ligand. Fas, a member of the TNF/NGF family of 
receptors (see Chapter 15), is expressed on most cells but its ligand is pre- 
sented only on the surface of cytotoxic T cells. Of the many different types 
of lymphocytes that are generated when the immune system is provoked 
by a virus or tumour-specific antigen, these are the most important in the 
mediation of apoptosis. Through the T-cell receptor (Chapter 12) they rec- 
ognize virus infected and tumour cells presenting their specific antigens 
in the context of MHC-class I. As a result, the cytotoxic T cells present the 
Fas-ligand which binds and aggregates its receptor, Fas, as a trimeric com- 
plex on the target cell. (Figure 14.24). The activated receptors each bind a 
complex of adaptor proteins, FADD and FLASH, associated with the 
initiator pro-caspase-8. This brings the pro-caspases-8 together, resulting 
in their mutual cleavage and activation. 


™ Activation of caspases through cytochrome c 

The mitochondrion is a source and amplifier of apoptotic signals and rep- 
resents an important conduit to cell death. Signals from receptors (e.g. 
TNFa), and also some cytotoxic drugs elicit the release of cytochrome c 
into the cytoplasm where it binds and dimerizes two adaptor subunits, 
Apaf, that are linked to the initiator pro-caspase-9. Dimerization causes 
mutual cleavage, liberating the active caspase and so a proteolytic 
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Figure 14.24 Induction of apoptosis by Fas ligand. Expression of Fas ligand on the 
cytotoxic T cell causes oligomerization of the Fas receptor, binding of the 
adaptor/procaspase-8 complex and activation. 
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The Bcl-2 proteins are 
important regulators of cell 
death and survival. They have 
pro- and anti-apoptotic roles: 


* pro-apoptotic are Bid, Bax, 
Bad, Bak, Bok and Bim 


* anti-apoptotic are Bcl-2, 
Bcl-X,, Bcl-w, Mcl-I and Al. 


They all possess one or 
more Bcl-2-homology 
domains (BHI, 2, 3 or 4). 
Some members of this family 
interact with each other, 
forming homo- or 
heterodimers, and these 
interactions appear to 
modulate their function. For 
instance, Bid inhibits the anti- 
apoptotic action of Bcl-2 and 
stimulates the pro-apoptotic 
action of Bax. 


Bad Bcl-associated dimer. 


Bax Bcl-associated partner 
containing six exons. 

Bid Bcl-2 interacting death 
agonist. 

Bok Bcl-2-related ovarian 
killer 


Bak bcl-2 homologous 
antagonist/killer. 
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Figure 14.25 Cytochrome c in the activation of initiator caspase-9. Cytotoxic 
drugs or certain receptors activate the apoptosis agonists Bid and Bax. These open a 
pore in the mitochondrial outer membrane to allow leakage of cytochrome c. In the 
cytoplasm it dimerizes and activates procaspase-9. 


cascade is inititated (Figure 14.25). The leakage of cytochrome c occurs 
through the permeability transition pore complex (PTPC), a structure that 
bridges both the inner and outer mitochondrial membranes. Bcl-2 
family proteins associate with the PTPC to reduce (Bcl-2 and Bcl-SL) or 
promote (Bax in combination with Bad or Bid) permeability. Phosphory- 
lation of Bad by PKB causes its sequestration in the cytoplasm preventing 
it from binding to the mitochondrial membrane and assisting Bax in 
opening the PTPC. In addition, mitochondria contain caspases and an 
apoptosis inducing factor, AIF that promote apoptosis directly after their 
release into the cytoplasm. 
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Adhesion molecules and 
trafficking of leukocytes 


E Inflammation and its mediators 


The first indications that white cells adhere to the walls of the finer ves- 
sels and then emigrate into the tissues under conditions of inflamma- 
tion were recorded more than 150 years ago (Figure 15.1). Cohnheim’s 
detailed histological description of 1882‘ remained the basis of most text 
book accounts of inflammation for a further 80 years. The first electron 
microscopic investigation of leukocyte adherence and migration pro- 
vided much needed detail but failed to reveal how cells adhere to the 
inflamed endothelium.’ Nor were any ideas forthcoming about how the 
cells penetrate an apparently coherent endothelial cell layer. 

It is essential that migratory cells can tolerate changes in their envi- 
ronments. They must be able to move from the bone marrow (where 
they are attached) into the blood and then into the tissues, particularly 
the lymph nodes (where they become attached again). To do all this 
they must be able to switch their integrins ‘on’ and ‘off’. If the integrins 
on a leukocyte were permanently ‘on, it could never leave the bone 
marrow. Once in the blood, the integrin function should be switched 
‘off’. Leukocytes leave the circulation when they encounter an appro- 
priate signal of inflammation or infection (which is common experi- 
ence), or more generally in the continuous process of immune 
surveillance. For monocytes and neutrophils, departure from the circu- 
lation is a one-way journey, their destiny with death in the tissues. By 
contrast, lymphocytes move from the blood into the tissues, then 
through the lymphatic system and then back into blood. We focus on 
the regulation of leukocyte adhesion and extravasation under inflam- 
matory conditions (see Figure 15.2). 

At sites of inflammation (caused by injury or infection), mediators are 
released that affect the expression and affinity of adhesion molecules 
and that affect the release of chemokines from endothelial cells. Though 
technically cytokines, chemokines were originally identified and charac- 
terized as chemotactic agents. By attracting the host phagocytic cells to 
sites of tissue breakdown, these peptides could mediate an essential first 
step in tissue repair and healing. They arrest leukocyte circulation and 
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Figure 15.1 Augustus Waller’s microscopic examination of cell adherence and 
extravasation from the vessels of an inflamed frog tongue. 


“The blood, as we are aware, consists of a transparent fluid holding in suspension 
numerous particles, most of which are red and of a flattened shape, while a few others 
are colourless, and spherical in form. ... The peculiar manner in which the lymph- 
globules, or corpuscles, conduct themselves when in the capillaries, when in an organ 
in a state of irritation, has of late engaged much attention. The experiments of Mr W 
Addison of Malvern, have greatly contributed to show these important functions in 
inflammation. In the tongue of the frog and toad they may be frequently seen 
circulating with the red particles in the vessels, down to the minutest capillaries. As it 
has already been pointed out, these spherules are generally found, when they come 
into contact with the parieties of the vessels, to retain their adherence with greater 
force than is manifested by the red particles in the like circumstances; as in the figure, 
where the current was observed to continue for many minutes without displacing the 
globules near the sides of the vessel. Thus we frequently see a lymph-globule remain in 
the same place, notwithstanding the current of red particles sweeping and pushing by 
it. The appearance in the larger vessels of these spherules, adherent to their inner 
surface, has been very aptly compared to so many pebbles or marbles over which a 
stream runs without disturbing them. ... The corpuscles, which are transparent, are 
occasionally seen to be granulated. ... Let us now examine the admirable manner in 
which nature has solved the apparent paradox, of eliminating, from a fluid circulating in 
closed tubes, certain particles floating in it, without causing any rupture or perforation 
in the tubes, or allowing the escape of the red particles, which are frequently the 
smaller of the two, or that of the fluid part of the blood itself.... After the observation 
had continued for half an hour, numerous corpuscles were seen outside the vessels, 
together with a very few blood discs in the proportion of about one to ten of the 
former. No appearance of rupture could be seen in any of the vessels. The corpuscles 
were generally distant about 0""03 from their parieties. After the experiment had 
lasted about two hours, thousands of these corpuscles were seen scattered over the 
membrane, with scarcely any blood discs.... No trace of the corpuscular extravasation 
could be seen, except the presence of the corpuscles themselves. ...| consider 
therefore as established,- |5, the passage of these corpuscles ‘de toute pièce’ through 
the capillaries; 2ndly, the restorative power in the blood, which immediately closes the 
aperture thus formed. ...In endeavouring to account for the fact of the passage of the 
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corpuscles through the vessels we find considerable difficulties. It cannot be referred 
to the influence of vitality, as it is observed likewise to take place after death. It may be 
surmized, either that the corpuscle, after remaining a certain time in contact with the 
vessel, gives off by exudation from within itself some substance possessing a solvent 
power over the vessel, or that the solution of the vessel takes place in virtue of some 
of those molecular actions which arise from the contact of two bodies; actions which 
are now known as exerting such extensive influence in digestion, and are referred to 
what is termed the catalytic power.” 
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Figure 15.2 Generation of inflammatory mediators at sites of infection. Tissue 
damage and bacterial infection induce the release of inflammatory mediators from various 
cell types. Bacterial lipopolysaccharide (LPS), which acts on local fibroblasts, vascular 
endothelial cells, mast cells and resident leukocytes induces release of histamine, IL-1 B 
and TNFa, but also MCP-1, IL-8 or Gro. These mediators are responsible for the 
up-regulation of adhesion molecules on endothelial cells and the activation of integrins 
on leukocytes. This results in extravasation followed by migration to the site of 
damage/infection. Formylmethionyl peptides released from bacteria facilitate the 
migratory response (chemotaxis), These processes allow the rapid accumulation of 
leukocytes, in particular neutrophils, at sites of infection as a first line of defence. It also 
initiates the process of tissue remodelling and repair (wound healing). 


cause these cells to accumulate at sites of inflammation (as in pus). 
Inflammatory mediators are derived from a number of sources, as listed 
in Table 15.1. 

Leukocytes are capable of sensing concentration differences of 
chemokines as small as 1% over a distance of 40 um, approximating the 
linear dimensions of a cell. They respond by moving in the direction of the 
source, in the process called chemotaxis.® 

In the next sections we describe the signalling pathway that emanates 
from the TNFa receptor in vascular endothelial cells. This results in ele- 
vated cell surface expression of adhesion molecules and the release of 
other inflammatory mediators and chemokines. It also plays a crucial role 
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in regulating the extravasation of circulating leukocytes (also known as 
transendothelial cell migration). 


Table 15.1 Sources of inflammatory mediators 


Release from invading micro-organisms. These include lipopolysaccharide (LPS or 
endotoxin), shed from the surface. Also N-formylmethionyl peptides (fMet-peptides) 
derived from the initiator sequence of bacterial protein synthesis 

Release from resident cells, These include TNFa and IL-!B from activated macrophages or 
fibroblasts, histamine from mast cells and chemokines (MCP-|, IL-8, Gro) from endothelial 
cells or resident leukocytes 

Release from the mitochondria of damaged cells. Peptides derived from the amino- 
terminus of proteins (such as NAD* dehydrogenase) coded by the mitochondrial 
genome. These share with eubacteria the characteristic N-formylmethiony| initiator 
sequence 

Components of complement such as C5a and of fibrinolysis such as thrombin 


E Tumour necrosis factor-a; potential antitumour agent or inflammatory 


cytokine? 


The observation that the size of a tumour occasionally diminishes after 
bacterial infection has a long history. As early as 1848, LeGrand noted two 
cases of long-standing scrofulous lymphoma which appeared to regress 
after infection with erysipelas.’ In 1888 P. Bruns reported on the spon- 
taneous regression of human tumours following infection with S. 
erysipelas:* 


The frequently observable fact that new formations, particularly those of a 
malign nature, may be caused to regress or to disappear by a concurrent 
erysipelas is of very great interest both in theory and practice. In respect of 
the former this fact merits particular attention, especially at the present time, 
given the current preoccupation with the study of the aetiology of new for- 
mations, the results of which may well be capable of shedding new light upon 
the beneficial effects of erysipelas. On the practical front these observations 
have given rise to experiments in which curative erysipelas is artificially induced 
in order to bring about the healing of inoperable new formations. However, 
the admissibility of such experiments remains an open question ... 


W. B. Coley’ reported several cases of tumour regression and even dis- 


appearance following repeated inoculation of erysipelas. Speculating on 
possible mechanisms, he considered 


|) that the erysipelas coccus has a direct destructive action upon the cell ele- 
ments of the new growth; 2) that the high temperature (induced by the infec- 
tion) alone is sufficient; 3) that sarcoma and carcinoma are both of bacterial 
origin and the erysipelas germ has a direct antagonistic effect upon the cancer 
bacillus .. . it seems in the light of present knowledge not improbable that all 
of the three theories may contain an element of truth, and that a larger the- 
ory combining all these elements is necessary to explain the curative action of 


erysipelas. 
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In the firm belief that the cure of cancer was at hand, Coley and others 
applied cell-free filtrates of streptococci as ‘Coley’s toxins’ over a period of 
about 40 years, apparently with some success.*"'' The effect of these bac- 
terial products is associated with severe haemorrhagic reaction mainly 
confined to the core of the tumour, which rapidly sloughs off. However, it 
generally leaves a ring of viable tissue which, unfortunately, continues to 
grow. Not surprisingly, such treatments also tend to cause widely dissem- 
inated systemic effects and, all too frequently, these can lead to circula- 
tory collapse and death. Early attempts to separate the haemorrhagic 
from the cytotoxic components in culture filtrates of Serratia marcescens 
led to the isolation of endotoxin (also called LPS, a surface component of 
Gram-negative bacteria). Among its many biological activities, this 
could elicit haemorrhagic necrosis of both experimental and primary 
subcutaneous tumours, 

All this provoked the hunt for immune mediators, cytotoxic for trans- 
formed cells but not causing septic shock like the endotoxin. The first of 
these, TNFa and TNF§ and lymphotoxin, products released by cytotoxic T 
lymphocytes, attracted immense interest.'*'° Instead, however, TNF was 
also found to provoke severe systemic toxicity and to possess general pro- 
inflammatory properties. The focus of interest shifted from tumour 
necrosis to mechanisms of inflammation. 


E TNFa and regulation of adhesion molecule expression 
in endothelial cells 


The binding of TNFa to its receptor results in the formation of 
homotrimeric clusters.'® In endothelial cells this leads to the enhanced 
expression of VCAM-1 and the ICAMs,” and release of chemokines. As a 
result, the adherence of neutrophils is greatly amplified.'!® This effect of 
TNFa and those induced by other inflammatory stimuli are mediated 
through the nuclear transcription factor known as nuclear factor kB (NF- 
xB), a protein complex that attaches to the immunoglobulin x light chain 
gene! (Figure 15.3). The factor is made up of two proteins, p50 and p65, 
both members of the NF-«B/Rel family of transcriptional regulators. At 
first, NF-«B was believed to be restricted to lymphocytes but it is now 
clear that it is widely distributed although generally retained in the 
cytosol by a high affinity inhibitory factor, inhibitor xB (I-KB).°! Activa- 
tion of NF-«B requires that it is first released from its association with the 
inhibitor. This occurs through serine-phosphorylation of I-«B, which 
marks it for ubiquitination and destruction by the proteasome. NF-«B 
then translocates to the nucleus, where it promotes the transcription of 
many genes, including the adhesion molecules (already mentioned), 
chemokines (IL-8, MCP-3, MIP-1a), cytokines (IL-1B, IL-6, TNFa, GM- 
CSF) and enzymes (iNOS, cyclo-oxygenase-2, cytosolic PLA,). 

The trimerization of the TNF receptor initiates the formation of an 
unusually large signalling complex (approximately 700 kDa) (Figure 15.3). 
There is still uncertainty about the functions ofits individual components, 
which have been given macabre names such as TNF receptor-associated 
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NF-kB and the expression of adhesion molecules. (a) The binding of 
TNFa to its receptor results in trimerization followed by formation of a truly massive 
receptor signalling complex. This in turn associates with the IKK-complex, of which the 
two kinases, IKKa and B, are essential components. NIK phosphorylates and activates 
these kinases, allowing them to dissociate and cause phosphorylation of IxB, the inhibitor 
of NF-KB. The phosphorylated inhibitor is ubiquinated and destroyed by proteolysis. The 
liberated NF-KB translocates to the nucleus and activates transcription of a large number 
of genes as illustrated. (b) NF-«B plays an important role in the TNFa-mediated 
expression of adhesion molecules, enzymes, chemokines and cytokines in endothelial 
cells. Among these is also the gene for the inhibitory factor I-«B itself, so that when a 
sufficient number of copies of this protein have been attained, it will bind to NF-«B, 
sequestering it in the cytoplasm. This negative feedback loop plays an important role in 
the termination of the inflammatory response. 


death domain (TRADD), Fas-associated death domain (FADD), TNF 
receptor-associated factor (TRAF), receptor inhibitor protein (RIP) and 
NF-«B-inducing kinase (NIK).” All this results in the activation of the ser- 
ine/threonine protein kinase, NIK, a member of the MEKK family of pro- 
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tein kinases. Its position in the pathway is equivalent to that of Raf in the 
activation of ERK1/2 (Figure 11.15, page 274) and it phosphorylates two 
further protein kinases, IKKa and IKK (Inhibitor kB Kinases-a and -§), 
which are the equivalent to MEK1. These detach from the signalling com- 
plex and bind to the inhibitor IkB (itself tightly bound to NF-KB). There they 
phosphorylate IxB on two residues, rendering I-kBa prone to ubiquitina- 
tion and subsequent degradation, and releasing NF-KB p50/p65. The dis- 
sociation of IkB reveals a targeting signal on NF-«B, directing it to the 
nucleus where it promotes transcription of the genes for VCAM-1, ICAM, 
etc.” (Figure 15.3). 

NF-«B also enhances the expression of IB, thereby initiating a negative 
feedback loop that attenuates the TNFa signal. This secures the return to 
basal levels of cell surface expression of VCAM-1 and ICAM-1. Their 
expression is therefore transient, allowing termination of the inflamma- 
tory response. Without this, the influx of leukocytes would be prolonged 
causing chronic tissue damage, as occurs in the formation of ulcers. 

TNFa (or histamine, IL-18, LPS, thrombin, etc.: see Table 15.1), causes 
transient up-regulation of VCAM-1 and ICAM-1 and also of E-and P- 
selectins on vascular endothelial cells. P-selectin, stored in specialized 
secretory granules, is rapidly transferred to the plasma membrane. 
Expression of E-selectin, ICAM-1 and VCAM-1 occurs more slowly and 
then persists for a few days. The increase in the density of these adhesion 
molecules on the surface of endothelial cells increases their ‘avidity’ (the 
product of density Xx affinity) for leukocytes. 


E Chemokines and activation of integrins on leukocytes 


Integrins play crucial roles in the arrest, flattening and the transmigration 
of leukocytes through the endothelial cell layer (extravasation, see Figure 
15.2). However, in circulating cells, they remain quiescent unless acti- 
vated by chemokines provided by endothelial cells (Table 15.2). 

The chemokines are small proteins having four conserved cysteines 
that form two essential intramolecular disulphide bonds (Cys1 with Cys3 
and Cys2 with Cys4: see Figure 15.4). They are classified as CC, CXC and 
CXXXC chemokines, according to the spacing of the first two cysteines in 
the N-terminal segment. 


Table 15.2 Chemokines 


Receptor family Receptor subtype Ligand 
CXC CXCRI L-8 
CXCR2 L-8, GROa,B.y, NAP-2, ENA78 
CXCR3 GCP-2 
CXCR4 D10, Mig 
SDF-| 
EG RANTES, MIP- 1a, MCP-2, MCP-3 
b MCP-1, MCP-2, MCP-3, MCP-4 


Eotaxin, RANTES, MCP-3, MCP-4 
RANTES, MIP- la, MCP- I 
RANTES, MIP- la, MIP IB 
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Figure 15.4 Representation of intramolecular disulphide bonding in CC and 
CXC cytokines. 


Chemokines became a focus of attention when it was shown that the 
envelope glycoprotein of human immunodeficiency virus (HIV) competes 
for binding with chemokines. Together with CD4, the chemokine receptors 
are the port of entry of HIV-1 into T-lymphocytes. Occupation of 
chemokine receptors, for instance of CXCR-4, prevents the penetration of 
cells by HIV-1.*4 In some rare individuals, because of a homozygous muta- 
tion, the cytokine receptor CCR-5 is not exposed at the cell surface. The 
virus cannot gain entry and these fortunate people appear to be immune to 
infection by HIV.” The mutation does not appear to induce any deleterious 
phenotype, which indicates that there is some redundancy among these 
receptors. Essential functions are well covered in the absence of CCR-5. 

The chemokine receptors interact with pertussis-toxin-sensitive G- 
proteins (G,/G,). Of the 13 receptors that have been characterized, most 
recognize more than one chemokine (Table 15.2). They elicit a number of 
signal transduction events which are illustrated in Figure 15.5.6 

The integrins are activated by a separate pathway in which PKC is 
implicated (they can be activated by phorbol ester”). However, there is 
the problem that chemokine-induced integrin activation is not prevented 
when PKC is inhibited.” On the other hand, activation is sensitive to 
inhibitors of protein tyrosine kinases and of PI 3-kinase.”? It is possible 
that By-subunits derived from the activation of the G-protein G, provide 
the link between the receptor and the Ras-ERK kinase pathway (see Fig- 
ure 9.5, page 196). 

In leukocytes, the By-subunits interact with the p110y-catalytic subunit 
of PI 3-kinase causing local generation of PI(3,4,5)P, (see Chapter 13) that 
recruits proteins having PH domains to the plasma membrane. These 
include PKB and also guanine nucleotide exchange factors that cause the 
activation of Ras, Rac and RhoA. The activation of Rac is essential for the 
induction of cell migration, through the formation of filopodia and 
activation of the respiratory burst. RhoA is essential for the activation of 
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Figure 15.5 Signal transduction pathways emanating from chemokine receptors in leukocytes. Binding of 
the chemokine IL-8 to its receptor, CXCR2, results in the activation of a number of signal transduction pathways 
through the activation of phospholipases CR, A, and D. 


the integrins% (Figure 15.6). These bind to ICAM-1 or VCAM-1 on the 
endothelial cells with high affinity, causing spreading and subsequent 
transmigration.” In this way, the suspended leukocytes take on the char- 
acteristics of adherent cells. Once in the tissue, the activated integrins 
have further important roles in augmenting the neutrophil responses 
such as phagocytosis, exocytosis and the generation of reactive oxygen 
metabolites, necessary for the killing and clearing of micro-organisms. 
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Figure 15.6 Activation of PI 3-Ky by chemokine receptors is essential for 
integrin activation. Chemokine receptors are linked to heterotrimeric GTP-binding 
proteins. Here it is the By-subunits which are of importance as activators. These bind 
directly to the PH domain of the pl 10y catalytic subunit of PI 3-kinase resulting in the 
formation of PI(3,4,5)P, (marked in brown) and the activation of exchange factors (GEFs) 
for Ras (Sos), Rac2 (T iam) and RhoA (Dbl). In leukocytes, RhoA is essential for the 
activation of integrins, resulting in firm endothelial attachment and extravasation. 


Depending on the type of 
leukocyte, different integrins 
participate in the firm arrest 
to endothelium. For instance, 
in monocytes «M2 is 
predominantly involved in 
arrest, whereas in 
neutrophils this role is taken 
by aLB2. Lymphocytes rely 
mainly on a4$1 (see Figure 
14.5, page 320). 
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In addition to the chemokines, the synthetic tripeptide agonist formyl- 
Met-Leu-Phe (fMLP) and the serum complement component C5a have 
been used widely in experimental investigations. They also interact with 
characteristic 7TM G-protein linked receptors on leukocytes to initiate a 
wide range of biological responses including calcium mobilization, acti- 
vation of integrins, migration, release of reactive oxygen metabolites, 
lysosomal enzyme secretion, etc. 


E The three-step process of leukocyte adhesion to endothelial cells 


The processes described form part of a more general sequence of events 
that is now referred to as the three-step process of leukocyte adhesion to 
endothelial cells. 

Leukocytes make contact with the vascular endothelium from time to 
time, by the presentation of surface ligands (L-selectin, sialyl Lewis-X or 
PSGL-1: see above) to receptors on the surfaces of the endothelial cells, 
(CD34, E or P selectin). These low-affinity interactions tether the cells in a 
manner by which they can attach, then roll on the surfaces of the endothe- 
lial cells and finally detach (in Figure 15.7a). However, the presence of 
chemokines causes the leukocyte integrins to become activated so that 
they bind to ICAM-1 or VCAM-1 present at elevated levels due to the pres- 
ence of inflammatory mediators. The leukocytes are arrested at this point. 
They flatten and are, in principle, competent to transmigrate through the 
tight layer of endothelial cells.® Not all bound cells transmigrate. Some 
merely perch on the endothelial cell surface and then detach. Those cells 
that do transmigrate, pass through the basal membrane and make it right 
through into the tissues. 

A mutation in the gene coding for the {2 integrins is associated with an 
inherited tendency to frequent and persistent infections (leukocyte adhe- 
sion deficiency). This is due to the failure of leukocytes to reach sites of 
inflammation in sufficient numbers.*!™ 
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Figure 15.7 The three-step model of leukocyte transendothelial migration: (a) Representation of the three- 
step model of leukocyte transendothelial migration through the wall of a venule. This comprises (1) a selectin-mediated 
rolling of leukocytes on the vascular endothelial cell surface, followed by (2) a chemokine-mediated activation of 
integrins on the leukocytes resulting in (3) arrest and migration of the leukocytes through the vascular endothelial cell 
layer. It should be noted that a large proportion of leukocytes are normally attached and roll on the surface of the 
endothelium. It is the firm arrest and subsequent migration that is triggered by local inflammation as a consequence of 
the release of chemokines and an enhanced expression of members of the selectins, VCAM and ICAM. (b) A molecular 
representation of the same three steps, with purple (on top) representing the leukocyte and red (at the bottom) 
representing the endothelial cell. Left panel: Initial contact between the two cells is made through P-selectin interacting 
with the P-selectin-glycosylated ligand-| (PSGL-1). This interaction must have a rapid turn-off rate allowing the cells to 
roll. Centre panel: The close proximity to the endothelial cells allows detection of IL-8 by its receptor CXCR2. This 
causes the activation of GTP-binding proteins that in turn activate the integrin aLf2. Right panel: The activated 

integrin now binds |CAM-| causing firm attachment of the leukocyte to the endothelial cell. This interaction is a 
prerequisite for further flattening and migration of leukocytes through the endothelial cell layer. (c) Video-micrograph 
illustrating a rat mesenteric venule (~ 40 um diameter). The blurring within the venule is due to the flow of blood. 

(d) Video-micrograph illustrating leukocyte accumulation into the mesenteric tissue after upstream administration of 
the chemokine LTB4 (from Sussan Nourshargh, Imperial College London). (e) Thin section electron micrograph, 
showing a leukocyte (three-lobed nucleus) migrating through a layer of endothelial cells into rat mesenteric tissue 
(from Sussan Nourshargh, Imperial College London). 
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E The TGFf family of growth factors 


TGFB1, first identified as a transforming factor for mesenchymal cells, 
then as an inhibitor of proliferation in epithelial cells (see Chapter 10, 
page 231), is a member of a family of structurally related proteins, most 
of which have little or nothing to do with cell transformation. Loss-of- 
function mutations in the related genes of Drosophila (Dpp) and Xenopus 
(Vg1) give rise to developmental defects. On the basis of sequence com- 
parisons, the TGFf family as identified in mammals can be divided into a 
number of subfamilies that include bone morphogenetic protein (BMP), 
activin and TGFf (Table 16.1). The list of the TGFB family of growth factors 
and knowledge of their role in development is still expanding.' 


B® Two signalling receptors for TGFB; type | and type II 


TGF 1 came to notice in a search for transforming growth factors, and ini- 
tially it was anticipated that its receptor would be linked, either directly or 
indirectly, to tyrosine phosphorylations. 

When it was later found that it inhibits proliferation of epithelial cells, 
interest shifted to the possibility that it prevents growth factor signalling. 
Neither of these ideas proved very fruitful. TGFB1 has no effect on tyrosine 
phosphorylation, nor (at least when measured on a time scale of minutes) 
does it affect the early events in EGF or PDGF receptor signalling. So it 
remained until 1990, when a receptor for activin was cloned and found 
to contain a putative transmembrane Ser/Thr-protein kinase domain.’ 
Similar domains were then found in two of the TGFf1 receptors.** 

On the basis of their structural and functional properties, the receptors 
for this family of ligands are divided into two subfamilies, type I and type 
II (TBR-I and TBR-II: Figure 16.1; Table 16.2).° They are very similar. Both 
receptors are glycoproteins having molecular weights of 55 kDa and 70 
kDa respectively. Both have a single membrane-spanning segment and an 


Note that TGFa, a totally 
unrelated growth factor 
despite its similar name, acts 
conventionally through a 
tyrosine kinase pathway by 
binding to the EGF receptor. 
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Table 16.1 Some activities of the TGF family. The factors listed have been identified in human and/or mouse. 
Equivalents in other species are indicated (o, Drosophila melanogaster, c, Caenorhabditis elegans; x, Xenopus laevis). 


BMP2 subfamily 
BMP2 (Dpp 
Daf-7 (c)) 

BMP4 


BMPS subfamily 
BMPS (60 A) 
BMP6/Verl 
BMP7OP| 
BMP8/OP2 


GDFS5 subfamily 
GDF5/CDMPI1 
GDF6/CDMP2 
GDF7 


vgl subfamily 
GDFI (Vgl) 
GDF3/VG32 


bmp3 subfamily 
BMP3/osteogenin 
GDFI0 


Activin subfamily 
Activin BA 
Activin BB 
Activin BC 
Activin BE 


TGF} subfamily 
TGFBI 
TGFB2 
TGFB3 


Distant members 
Inhibin a 


MIS/AMH 


D.C Gastrulation, neurogenesis, x; mesoderm patterning 
chondrogenesis, interdigital D: dorsalization, eye/wing 
apoptosis development 


c dauer larva formation 


D Participates with BMP2 
and 4 in the development 
of nearly all organs 


Chondrogenesis in 
developing limbs 


x x: Vgl: axial mesoderm 
formation (also in fish) 


Osteogenic differentiation, 
endochondral bone 
formation, monocyte 
chemotaxis 


FSH production, erythroid x: mesoderm induction 
cell differentiation 


Cell cycle control in 
haematopoietic and 
epithelial cells, control 

of mesenchymal cell 
proliferation and 
differentiation, production 
of extracellular matrix, 
immunosuppression 


Inhibition of FSH production, 
mesoderm induction 


Millerian duct regression 


intrinsic serine-threonine protein kinase domain in the C-terminal seg- 
ment. What distinguishes the type I receptor is a highly conserved region 
of 30 amino acids, immediately preceding the protein kinase domain, 
containing the sequence TTSGSGSGLP. This is the GS domain, which 
becomes phosphorylated after binding of TGFB. It plays a crucial role in 
the activation of TBR-I. The type I receptor also has a binding site for the 
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Figure 16.1 Domain structures of the TGFf receptors. The type | and II receptors 
contain a serine/threonine protein kinase domain, a cysteine-rich region and a TGFB- 
binding domain. The type | receptor contains an additional GS domain and a number of 
phosphorylation sites that are involved in its activation by the type Il receptor which is 
constitutively activated. 


Table 16.2 The type | and II families of receptors of the 
TGFf-family of growth factors. Different members of the 
TGFBI -family of growth factors bind to different type | and II 
receptors and form different hetero-tetrameric complexes. 
This list is not complete; numerous receptors still have to be 
identified. Listed members are of vertebrate origin unless 
otherwise indicated (p, D. melanogaster; c, C. elegans). 


Ligand Type | receptor Type II receptor 

BMP2 BMPR-IA (ALK-3) BMPR-II 

BMP7/8 BMPR-IB (ALK-6) ActR-Il 

Dpp (D) Tkv (D) Punt (0) 
Sax (D) 

Daf-7 (c) Daf-| (c) Daf-4 (c) 

GDF5 ActR-| ActR-IIB 

Activin ActR-! (ALK-2) ActR-lIB 
ActR-IB (ALK-4) ActR-Il 

TGFBI TBR-I (ALK-5) TBR-I 


12 kDa immunophilin FK506-binding protein (FKBP12), a molecule tk. * 
may act as a negative regulator of the receptor signalling function. Im- 
portantly, the protein kinase activity of TBR-II is constitutively active. 
The mammalian receptors are homologous with the punt (pwd), thick- 
veins (tkv) and saxophone (sax) genes of Drosophila and with the dauer 
phenotypes-1 and 4 (daf-1 and daf-4) genes of C. elegans. The down- 
stream signalling pathway from the TGFB1-receptors was revealed by 
searching for mammalian homologues of their counterparts in these 
organisms. It became apparent that the mammalian TGFB1 receptors 


ALK, activin receptor-like 
kinases, These are human 
genes recognized by their 
sequence similarity with the 
activin receptor type II and 
Daf-|. 
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transmit signals into cells through a unique set of transcription factors, 
the Smad proteins (see below).’ 

Here we outline some of the mechanisms by which members of the 
TGFß family of receptors elicit their effects on target cells. We concentrate 
on the pathway activated by TGFB1 through TBR-I and TBR-II receptors 
and in particular on the pivotal role of the Smad proteins in relaying sig- 
nals from cell-surface receptors to the nucleus. It will become apparent 
that these pathways are rather similar to those already described for the 
activation of the STATS (see Chapter 11), through the tyrosine kinase- 
containing receptors such as those for EGF and PDGF and for interferon. 
The main theme is that a receptor complex phosphorylates a transcrip- 
tion factor. This forms an oligomeric complex that translocates to the 
nucleus to interact with DNA-response elements in promoter regions 
of genes. 


M Accessory receptors: betaglycan and endoglin 


The search for cell surface TGFB-binding proteins revealed a third set of 
receptors, type III. These differ from types I and II, their intracellular 
domains lacking any sequence motif that could be involved in signal 
transduction. One of the type III binding proteins, betaglycan, is a trans- 
membrane proteoglycan with heparan and chondroitin sulphate chains." 
It functions as a co-receptor with ActRII to bind inhibin, a member of the 
TGFß superfamily. Inhibin and activin inhibit and activate the secretion of 
FSH from porcine pituitary glands.’ This functional antagonism may be 
explained by the finding that they both bind ActRII. In the case of activin, 
binding is followed by recruitment of the type I receptor, ActR-IB, to initi- 
ate the signal. Inhibin recruits betaglycan so that there is a loss of the 
activin signal due to a loss of available type II receptors. This puts a block 
on further proceedings (Figure 16.2).'° The other accessory receptor is 
endoglin, a transmembrane protein"! that may play a role in the binding 
and presentation of TGFf to the type II receptor.'* 


@ TGFB-mediated receptor activation 


TGFB1 is a disulphide-linked homodimer (Figure 16.3). It brings together 
pairs of type I and II receptors to form heterotetrameric receptor com- 
plexes. Ligand-independent homo-oligomers may exist, but have no sig- 
nalling capacity. TGFB1 can bind to TBR-II in the absence of TBR-I, but 
not vice versa. TGF$1, however, cannot signal into the cell in the absence 
of TBR-I. These findings indicate that the most likely sequence of events 
is that TGFB1 first binds to TBR-II, then subsequently alters its confor- 
mation so that it can be recognized by TBR-I (sequential binding). When 
the ligand brings the two receptors in close proximity, the type II recep- 
tor, which is constitutively active, phosphorylates the three serine and 
two threonine residues in the GS domain of TBR-I (Figure 16.4). With 
this, the dormant serine-threonine protein kinase of TBR-I becomes acti- 
vated and we speak of an active receptor complex. As with the protein 
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Figure 16.2 Accessory receptor type III binds inhibin. Both activin and inhibin 
bind first to ActRIl but then recruit different co-receptors. Activin recruits the type | 
receptor and transmits signals. Inhibin recruits betaglycan, which is incapable of 
transmitting signals and counteracts the activin response. 
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Figure 16.3 Disulphide-linked dimer structure of TGFBI. The cysteine knot is 
also present in PDGF and NGF. Adapted from McDonald and Hendrickson.” 
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Figure 16.4 Activation of the TGFf-receptor. TGFB! binds to the type II receptor, 
causing a conformational change that allows it to be recognized by the type | receptor. 
The association of the two receptors results in detachment of the inhibitory FKBP12 
protein and this is followed by phosphorylation of the type | receptor by the type II 
receptor. The activated type | receptor signals into the cell. Because TGFBI is itself a 
dimer, two receptor complexes can form around the growth factor. 


tyrosine kinase-containing receptors, both oligomerization and phos- 
phorylation constitute the receptor activation event. 


E Downstream signalling; Drosophila, Caenorhabditis and 
Smad 


Genetic screening of accessible organisms such as Drosophila and C. 
elegans provided crucial pointers to the mechanism of TGFP signalling 
in mammalian cells. A Drosophila gene, decapentaplegic (dpp), when 
mutated, causes pattern deficiencies and duplications in structures 
derived from one or more of the 15 major imaginal disks." 

Later it was found that Dpp is equivalent to BMP-2 and -4 of mam- 
malian cells. In early development, Dpp is responsible for dorsal/ventral 
polarity. Later, as segments appear, Dpp functions in the definition of 
boundaries between the segmental compartments. As part of this 
process, Dpp defines the position of future limbs, including wings, legs 
and antennae. It also has a role in the structuring of the mesoderm (see 
web page http://sdb.bio.purdue.edu/ fly/aimain/laahome.htm). The Dpp 
gene product acts through three receptors that are homologous to the 
family of mammalian TGFP receptors: thickveins, saxophone (TBRI) and 
punt (TBRII). To dissect the mechanism through which Dpp operates, 
genetic screening was carried out to identify a mutation that, when com- 
bined with Dpp mutations that produce a ‘weak’ phenotype, generates 
one that is more severely affected. This strategy is designed to identify two 
genes coding for proteins that operate in the same pathway. The mutant 


Signalling through Receptor Bound Protein Serine/Threonine Kinases 


sequence 
of events Drosophila C. elegans 
ligand Dpp oota 
l 
receptors thickveins/ Daf-1 
saxophone Daf-4 
punt 
| | 
downstream Mad Sma-2 
components Medea Sma-3 
Sma-4 
| phenotype or defects in dauer larva 
| function | many organs formation 


Figure 16.5 Signal transduction pathways downstream of serine/threonine 
kinase receptors in two phyla. Homologies between the genes implicated in these 
pathways allowed the elucidation of the sequence of events downstream of the TGF 
receptor in mammals. 


gene so obtained was named mad (mothers against Dpp) and the flies 
exhibit defects that resemble those of the Dpp mutants.'* However, wild- 
type dpp cannot restore the defects induced by mutations in mad and this 
places mad downstream of dpp (Figure 16.5).!® 

The nematode C. elegans responds to conditions of overcrowding and 
starvation by arresting its development as a dauer (resilient, durable) 
larva. Genetic screening of mutants having the dauer larva phenotype 
revealed a number of genes, daf-1, -2, -3, -4, etc. (for dauer larva forma- 
tion,) of which daf-1 and daf-4 code for serine/threonine receptor protein 
kinases.'”'® Daf-4 mutants are dauer-constitutive and the larvae are 
smaller than the wild-types. Screening for mutants with similar pheno- 
types revealed three more genes, sma-2, sma-3 and sma-4 (small).!° The 
Sma gene products act downstream of Daf-4. DNA sequencing indicated 
that Mad (fly) and Sma (worm) proteins are homologous, and with these 
sequences to hand, nine human homologues coding for Smad proteins 
(amalgamation of Sma and Mad) were revealed.’ 


HM Smads have multiple roles in signal transduction 


The Smad proteins have two regions of homology, MH1 and MH2 (Mad 
homology), at the N- and C-terminals. The nine members of this family 
have different functions which are controlled through their selective 
interactions with the two TGF receptors and with each other?! (Figure 
16.6). On the basis of their structures and functions they are divided into 
three groups. 
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Figure 16.6 Structure domains of the Smads. These transcription factors are 
subdivided in three groups on the basis of functional and structural differences. The MHI 
domain interacts with DNA, the MH2 domain interacts with the type | receptor, Smad4 
and transcriptional partners. Adapted from Massagué and Wotton.” 


Receptor-regulated Smads (Smad 1, 2, 3, 5 and 8) 

These are phosphorylated through the activated type-I receptors. For 
example, TGFB1 induces the phosphorylation of Smad2 and Smad3, 
whereas the equivalent activated receptors for BMP-2 or BMP-4 (BMP- 
R1A) phosphorylate Smads 1, 5 and 8. Serine phosphorylation in the 
C-terminal MH2 domain, in the SxS sequence, causes a structural alter- 
ation that allows them to bind to Smad4 (Figure 16.7). Short structural ele- 
ments in the type I receptor and in the Smads determine the specificity of 
interaction, the exposed L45 loop in the type I receptor kinase domain 
interacting with the L3 loop in the MH2 domain of the Smads. Exchanging 
residues in these domains is sufficient to switch the signalling specificity 
of the TGFB and BMP pathways.” 

The receptor-regulated Smads induce receptor-specific responses and 
they are for this reason also referred to as ‘pathway-restricted’ Smads. This 
is illustrated by over-expression of Smad1 in Xenopus. Here it induces 
ventral mesoderm formation (a typical BMP response), whereas over- 
expression of Smad2 induces formation of dorsal mesoderm (a typical 
activin response) (Figure 16.8). Mutation of the serine in the SxS motif 
inhibits receptor-mediated phosphorylation of Smads1 and 2 and pre- 
vents their association with Smad4, their accumulation in the nucleus 
and interaction with DNA binding proteins. The Drosophila homologues 
are MAD and dSmad2 and the C. elegans homologues are Sma-2 and 3. 
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Figure 16.7 Activation of transcription by TGFf receptors. Smad2 is bound to 
the type I receptor in association with the Smad anchor for receptor activation (SARA). 
Upon activation of the receptor complex, Smad2 becomes phosphorylated, detaches from 
the receptor and associates with the common mediator Smad4. Together they translocate 
to the nucleus and bind, with their MHI domains, to DNA at the Smad binding element 
(SBE). Binding also occurs through interaction of Smads with transcriptional partners 
(co-factors). 
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Figure 16.8 TGF growth factors induce different cellular responses through 
the recruitment of different combinations of Smads and transcriptional 
partners. The BMP response in X. laevis is due to the combination of Smads |, 5 or 8 
interacting with the transcriptional partner OAZ resulting in mesoderm ventralization. In 
contrast, activin recruits Smads 2 or 3 and together with Smad4 and FAST-1, as 
transcriptional partner, induces mesoderm dorsalization. 
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™ Common mediator Smad 4 

This is required to form the hetero-oligomer complexes with the receptor- 
regulated Smads but, since it lacks the consensus substrate sequence 
(SXS), it is not phosphorylated by any of the receptors. In mammalian 
cells it binds to phosphorylated Smad1, 2, 3, 5 and 8 and forms complexes 
that translocate to the nucleus, there to act as transcription factors. The 
Drosphila and C. elegans homologues are Medea and Sma-4 respectively. 


© Antagonistic Smads (Smad6 and Smad7) 

Lacking the C-terminal SxS phosphorylation site and possessing only a 
distantly related MH1 domain, these Smads diverge structurally from 
other members of the family. When bound to TBR-I they therefore prevent 
phosphorylation of Smads 1, 2, 3, 5, and 8. Expression of these antagonis- 
tic Smads offers a means of inhibiting the cellular responses of members 
of the TGFB-family of cytokines. Since expression of Smad7 is induced by 
TGFß1 it may form a part of a negative feedback loop (Figure 16.9).”° 


@ = Receptor-binding proteins involved in modulation of receptor function 


As with many other receptors (for example, the B,-adrenergic receptor: 
see Chapter 3), over-expression of the receptors for TGFB causes constitu- 


binding domain (SBE) ee eee 


Figure 16.9 Induction of an inhibitor Smad. One of the transcripts induced by 
TGFBI is the mRNA coding for Smad7. The Smad7 protein associates with the type | 
receptor and prevents access of Smad2 and SARA. Downstream signalling is thus 
attenuated by a negative feedback loop. 
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tive activation. In this case, however, it is essential to over-express both 
TBR-I and TBR-II together in order to ensure the formation of the appro- 
priate hetero-oligomers. It is believed the tendency to form such 
oligomers in normal cells is prevented by the presence of FKBP12, a small 
protein that binds to the TBR-I and impedes its phosphorylation by 
TBR-II. When TGFB1 is bound to TBR-I, FKBP12 cannot associate and sig- 
nalling can proceed” (Figure 16.4). SARA, another protein that binds to 
the TGFf receptors, plays a role in the anchoring of Smads (in particular 
Smad2 and 3) in their non-phosphorylated state (Figure 16.7). It contains 
a FYVE finger domain that may serve to locate the protein at the mem- 
brane through interaction with PI(3)P. 

Activation of the receptor and subsequent phosphorylation of Smad2 
or 3 results in their detachment from SARA and the formation of com- 
plexes with Smad4. Mutation in SARA, the anchoring protein, causes mis- 
direction of Smad2, preventing its association with the receptor, and 
inhibition of the TGFB-dependent transcriptional responses. This indi- 
cates that Smad localization in the vicinity of the receptor is important for 
TGF signalling. Thus although Smads themselves bind to the type | 
receptor, through the L3 loop in the MH2 domain, SARA increases the effi- 
ciency, as well as the selectivity, of receptor signalling by favouring the 
phosphorylation of Smad2 or 3 and preventing unwanted cross-talk with 
other pathways.*° 


WE Transcriptional regulation by Smads 


Smad complexes can bind directly to DNA at the SBE sequence CAGAC, 
but optimal induction of transcription requires their association with 
other factors or ‘transcriptional partners’ (Figure 16.7). These bind to the 
Smads and to DNA at a separate binding element and strengthen the 
attachment to DNA.” Different transcriptional partners are involved 
when different types of receptor are activated. For instance, the transcrip- 
tion factor OAZ” binds selectively to the BMP-activated Smad1/Smad4 
complex and plays a role in the ventralization of mesoderm, whereas 
FAST binds to complexes of Smad2 or 3 with Smad4, activated by activin 
(Figure 16.8) and promotes dorsalization.” 

The association of additional partners may also depend on the pres- 
ence of other extracellular signals and the specificity of signalling is deter- 
mined through integration of different signals at the level of activation of 
transcription factors. For instance, one action of TGF$ is in the modifica- 
tion of the cell matrix through the induction of proteases and protease 
inhibitors. Induction of the plasminogen activator inhibitor-1 (PAI-1) 
requires a TRE site that overlaps with the SBE in the promoter for efficient 
signalling (see Fig 9.13, page 209). The Smads do not bind at this site but 
cooperate with members of the Jun and Fos family of transcription factors 
(AP-1), which do.” Transcriptionally active Jun and Fos must first be acti- 
vated through the ERK or JNK pathways and thus require the presence of 
suitable stimuli like serum or one of its growth factors (see Chapter 9, 
page 208 and Chapter 11, page 271). 


The FYVE finger (named 
after the first letter of four 
proteins found to contain it; 
Fab! p, YOTB, Vaclp and 
EEA!) is a double-zinc 
binding domain that is 
conserved in more than 30 
proteins from yeast to 
mammals, It is found in 
several proteins involved in 
intracellular traffic. 


OAZ Olf-| associated zinc 
finger protein, a 
transcriptional partner 
initially identified in olfactory 
epithelium. 

FAST Forkhead activating 
signal transducer-I,a 
member of the winged-helix 
family of putative 
transcription factors, an early 
immediate gene in the 
signalling of activin. 
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Another action of TGFB is the slowing down of the cell cycle in epithe- 
lial cells,” mediated through the induction of the cell cycle inhibitors 
p155% and p21°P/W4F_ Both of these are transcriptionally regulated 
through the action of Smads. 


E Role of Smads in tumour suppression 


Given the important role of TGFf in the suppression of cell proliferation, 
the terminal differentiation of haematopoietic cells and the activation of 
cell death mechanisms, it is perhaps not surprising that mutations in the 
components of the signal transduction pathway can increase susceptibil- 
ity to aberrant cell proliferation. Together with other mutations that 
favour proliferation, this may ultimately result in the formation of 
tumours. Interestingly, the common mediator Smad4 was initially identi- 
fied as one of the mutated or deleted genes linked to pancreatic and other 
carcinomas.” Most of these mutations are present in the MH2 domain, 
which contains the phosphorylation site. They either prevent the trimer- 
ization of Smad4, decrease the stability of the protein or prevent its inter- 
action with non-Smad transcriptional partners. A small group of 
mutations are in the MH1 domain and these prevent interaction with 
Smad2. There are also hereditary and somatic forms of colorectal cancer 
in which the TBR-II receptor is mutated and the cells therefore lack their 
normal growth-inhibitory signal mechanism. 
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E The importance of dephosphorylation 


The phosphorylation of proteins, at serine, threonine or tyrosine residues, 
serves multiple roles in the regulation of cell function. However, this is 
only half the story. If the transfer of phosphate groups to proteins is to 
serve as a precise and sensitive signalling mechanism, then necessarily it 
must operate against a low background. Dephosphorylation is thus as 
important as phosphorylation, and it follows that the phosphoprotein 
phosphatases are integral components of the signalling systems operated 
by protein kinases.' In a number of cases dephosphorylation serves as a 
true reset button, bringing proteins back to their resting state. A good 
example is the role of the serine/threonine phosphatase PP1G which 
dephosphorylates phosphorylase a, thereby terminating the breakdown 
of glycogen. There are other proteins (for example, glycogen synthase, Src, 
c-Jun, p56'**, NF-AT) that are phosphorylated under ‘resting’ conditions 
and then become active as a consequence of dephosphorylation (Figure 
17.1). In particular, the transcription factor c-Jun requires both dephos- 
phorylation of serine/threonine residues near the DNA binding site, and 
phosphorylation of serines at the N-terminal region in order to be fully 
active. 


WE Protein tyrosine phosphatases 


A soluble protein phosphatase specific for phosphotyrosines (PTP1B) was 
first isolated from human placenta.’ Its amino acid sequence has 
stretches homologous with the tandem repeat domains present in the 
cytoplasmic portion of the leukocyte common antigen CD45.° This is a 
receptor-like protein expressed on the surface of cells of haematopoietic 
lineage. Using the DNA sequence that codes for the catalytic domain as a 
probe (the conserved ‘signature motif’ [I1/V)HCXAGXXR{S/T]), many 
more protein tyrosine phosphatases were revealed. 
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Figure 17.1 Phosphatases in the generation of signals for both deactivation 
and activation. (a) Protein phosphatases in the role of a ‘reset button’, deactivating 
their substrate. An example is the dephosphorylation of phosphorylase a by the 
serine/threonine phosphatase PPIG. (b) Protein phosphatase as activator. Illustrated is the 
example of activation of p56‘ by CD45, a receptor-like tyrosine protein phosphatase. 


Cloning data show the protein tyrosine phosphatases to be a family of 
multi-domain proteins having exceptional diversity (Figure 17.2).* They 
can be broadly divided into two groups, the transmembrane or receptor- 
like PTPs and the cytosolic PTPs. None of these are related to the serine- 
threonine-specific phosphatases. This is in contrast to the protein kinases 
(serine-threonine and tyrosine), which share common ancestry. Unlike 
the serine-threonine phosphatases, in which substrate specificity is 
determined by associated targeting subunits, the tyrosine phosphatases 
are all monomeric enzymes. How the diversity in structure reflects differ- 
ences in substrate recognition remains unclear. 


E Transmembrane receptor-like PTPs 


Nearly all the transmembrane PTPs are characterized by the presence of 
tandem repeats D1 and D2, expressing the catalytic signature motif. How- 
ever, only the membrane proximal D1 domains are catalytically active. 
The transmembrane PTPs are classified on the basis of their extracellular 
segments (ectodomains). They range from very short chains having no 
clear function, to extended structures with putative ligand-binding 
domains, similar to those present in adhesion molecules (fibronectin 
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Figure 17.2 Domain organization of tyrosine phosphatases: (a) Cytosolic protein tyrosine phosphatases. These 
divide into two groups, those identified as tyrosine phosphatases and the dual-specific phosphatases, dephosphorylating 
serine, threonine and tyrosine residues. They are further subdivided by the presence of various homology domains, 
such as SH2 or PEST. (b) Receptor-like protein tyrosine phosphatases. All contain a tyrosine protein phosphatase motif, 
often in tandem, and are distinguished by differences in their extracellular domains. Some have elaborate extracellular 
structures resembling adhesion molecules or growth factor receptors, others appear rather sparse and ligand 
association is hard to imagine. No ligands have been identified for most of these ‘receptor-like’ phosphatases. 


Proline, glutamate, serine and threonine- 
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repeats or immunoglobulin repeats) (Figure 17.2). Such diversity suggests 
a wide range of biological functions, which have, however, proved hard to 
pin down. This is largely because identification of their physiological sub- 
strates has been hampered by the non-specificity of these enzymes when 
assayed for activity in vitro. Moreover, although some are predicted to be 
receptors, the ligands have so far been elusive. PTPy and PTPx (see Figure 
17.2) may take part in homotypic adhesion through their MAM 
domains.*° When expressed in insect cells they induce Ca**-independent 
cell aggregation, but even here the downstream pathways remain unclear. 


H Cytosolic PTPs 


The cytosolic PTPs are also classified according to their domain structures 
which are understood to act as localization signals, directing the enzymes 
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to the nucleus or cytoskeleton. An important subclass, SHP-1 and SHP-2, 
possess SH2 domains. Others are characterized by the presence of PEST 
sequences (Pro-Glu/Asp-Ser/Thr) in the vicinity of the C-terminus. 
Another subclass comprises dual-specific phosphatases, which can 
dephosphorylate at both tyrosine and threonine/serine residues. Since 
the first of these to be identified was VH1, encoded by vaccinia virus, they 
are also referred to as VH1-like phosphatases.’ The dual-specific phos- 
phatases also have homology with Cdc25, a regulator of mitosis in fission 
yeast (Schizosaccharomyces pombe). This activates cyclin-dependent 
kinase-2 (Cdc2/CDK1, see Chapter 10) by dephosphorylation of adjacent 
threonine and tyrosine residues.’ 


E The role of PTPs in signal transduction 


At first, interest in protein tyrosine phosphatases was driven by the per- 
ception that they might be antitumorigenic. They appeared to offer the 
possibility of counteracting the transforming effects of mutated, and 
therefore constitutively activated, protein tyrosine kinases. Thus it came 
as quite a surprise when it was found that some PTPs, rather than oppos- 
ing the actions of the kinases, actually cooperate with them to reinforce 
their signals.’ Several PTPs have now been described, many of them first 
cloned from haematopoietic cells. 


WE Positive regulation through phosphotyrosine dephosphorylation 


E CD45 

As with many other receptor-like PTPs, no specific activating ligand has 
been identified for CD45 with any certainty. Its importance became evi- 
dent with the discovery that T lymphocytes lacking this antigen fail to 
become activated through the TCR, although they respond quite normally 
to stimulation through the IL-2 receptor (Figure 12.2, page 286). Normally, 
engagement of the TCR results in activation of the soluble protein tyro- 
sine kinase Lck, resulting in phosphorylation of the C-chains. In cells lack- 
ing active CD45, Lck remains inactive and the subsequent tyrosine 
phosphorylations do not occur (see Chapter 12). 

Where does the phosphatase activity of CD45 come into all this? The 
inactive (resting) state of Lck is maintained as a consequence of autoinhi- 
bition, through the intramolecular interaction of its own SH2 domain 
with a phosphotyrosine residue situated in its C-terminus (a ‘closed con- 
formation’: Figure 17.3). Lck is activated first through dephosphorylation 
(Y505) by CD45, then, because this exposes the kinase active site, through 
autophosphorylation (Y394) in the catalytic domain. The fully active Lck 
phosphorylates the ¢-chains of the engaged TCR. From this, it appears 
that CD45 must somehow be activated when the TCR binds to an MHC 
molecule on an antigen-presenting cell. Similar mechanisms of activation 
through dephosphorylation apply in the action of Fyn (associated with 
the ¢-chain of CD3: see Chapter 12) and Src (dephosphorylation at 
Y527)."! 
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How the phosphatase activity of CD45 is regulated remains unclear. 
Importantly, in cells expressing a truncated CD45, lacking the extracellu- 
lar domain, Fyn and Lck are constitutively activated. With respect to 
regulation of phosphatase activity, there are some indications that, in 
contrast with the PTKs, dimerization may be the ‘off’ signal (note that 
in Figure 17.3 a ligand is indicated holding the two components of 
CD45 apart). In order to test this idea, cells have been generated that 
express a chimaeric molecule, comprising the intracellular phosphatase- 
containing portion of CD45 and the extracellular domain of the EGF 
receptor. Application of EGF, expected to dimerize the receptor, switches 
off the phosphatase activity.'? 


E SHP-2 

SHP-2 (Src homology phosphatase-2, initially named SH-PTP2 or Syp) 
has a broad tissue distribution. Targeted disruption of the gene in mice 
causes early embryonic death, but from this, other than concluding that 
it is important, little can be learned. Early indications about a possible 
role of SHP-2 in cell signalling came from two lines of evidence. First, the 
gene is homologous to Drosophila Corkscrew (Csw, a tyrosine phos- 
phatase). This is involved in activation of the serine-threonine kinase Draf 
(equivalent to mammalian Raf) (Figure 17.4). Draf is activated through 
the Dras pathway and this implies that the phosphatase provides a posi- 
tive signal downstream of receptor tyrosine kinase activation. The 
Corkscrew pathway directs the differentiation of the terminal, non- 
segmented regions of the fly embryo.'* 
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Figure |7.3 Activation of Lck by dephosphorylation mediated by CD45. Lck, attached to the TCR subunit 
CD4, is inactive as a result of the linking of its phosphotyrosine residue (505) with its own SH2 domain. Activation of 
CD45 by an unknown ligand (probably separating the dimerized protein), results in dephosphorylation of Y505.The 
Lek kinase catalytic domain unfolds, autophosphorylates (Y394) and is now able to phosphorylate substrates such as 
the ITAM domains in the C-subunits of the TCR. 
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Figure 17.4 Tyrosine phosphatases in parallel pathways regulating 
transcription in Xenopus and Drosophila. Genetic analysis of phenotypes defective in 
differentiation of the terminal region of Drosophila or tail development in Xenopus 
provided a key to understand the role of SHP-2 in signalling downstream of protein 
tyrosine phosphatases. 


Secondly, expression in Xenopus embryos of a dominant negative 
mutant form of SHP-2, lacking the catalytic domain, causes tail trunca- 
tions and prevents animal cap elongation (short toad, composed mainly 
of head structures).'‘ These processes are determined in part by the 
receptor for FGE This also signals through the MAP kinase pathway and 
so the phosphatase SHP-2 must act between the FGF-R and the activation 
of MAP kinase. Similarly, fibroblasts expressing the catalytically inactive 
form of SHP-2 fail to activate MAP kinase in response to FGE PDGF or 
insulin-like growth factor (IGF). Although the substrate of SHP-2 has yet 
to be identified, it has become apparent that SHP-2 also functions as an 
adaptor." In this way it can promote the activation of ERK with no 
involvement of its phosphatase activity (Figure 17.5). Following phospho- 
rylation of SHP-2 by the PDGF receptor, it acts as a site for attachment for 
Grb2 and so sets in train the reactions of the Ras-MAP kinase pathway. 
The inability of the dominant negative mutants to activate the MAPK 
pathway can be understood if SHP-2 is required for both pathways and 
that transmission of signals down both pathways is required for an 
effective response. The loss of either the adaptor function or protein 
phosphatase activity results in insufficient activation, leading to the 
altered phenotypes. 
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Figure 17.5 SHP-2, protein tyrosine phosphatase and adapator molecule. 
SHP-2 transmits two signals. It binds and is phosphorylated by the activated PDGF 
receptor. It acts as a phosphatase, although specific ligands remain to be found. In addition 
it acts as an adaptor, linking the receptor with Ras. Both pathways must be intact in 
order to obtain a satisfactory signal for the activation of MAP kinase. 


E Negative regulation through dephosphorylation 


WE MKP-|, dual-specific protein phosphatases and regulation of MAP kinase by 
tyrosine protein phosphatases 


A failure to dephosphorylate may have serious consequences, equivalent 
to persistent phosphorylation by oncogenic PTKs. The substrates of the 
dual-specific PTPases are predominantly members of the MAP kinase 
family, which are phosphorylated in the TEY sequence by dual-specific 
kinases such as the MEKs (see Chapter 11). One such PTPase, MKP-1 
(MAP kinase phosphatase-1) is the product of a growth-factor-induced 
early response gene.!7!8 

Addition of serum to quiescent cells induces rapid phosphorylation 
and activation of MAP kinase. This is only transient, but it is sufficient to 
induce gene transcription and to promote entry into the G, phase of the 
cell cycle.!? The activity of the dual-specific phosphatase is expressed 
within 20 minutes and coincides with the dephosphorylation of the TEY 
motif and the deactivation of MAP kinase (see Chapter 11). If synthesis of 
MKP-1 is prevented, or if its catalytic activity is mutated, the duration of 
the activated state of MAP kinase is greatly extended.” Conversely, 
expression of a constitutively activated form of MKP-1 blocks G,-specific 
transcription and entry into S-phase.” Thus MKP-1 is a negative regula- 
tor of MAP kinase, serving to attenuate the growth factor signal (Figure 
17.6). In addition, MKP-1 is a substrate of MAP kinase. When phosphory- 
lated, MKP-1 becomes less sensitive to ubiquitin-directed proteolysis 
and, as a result, it accumulates.22 
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Figure 17.6 MKP-I, negative regulator of MAP kinases. One of the immediate 
early genes expressed following activation of ERK is the dual-specific protein phosphatase 
MKP-1. After translation, it becomes phosphorylated by ERK and in turn 
dephosphorylates and deactivates ERK, thereby terminating the growth factor signal. 


There are indications of other mechanisms that restrain the signals 
from growth factor receptors. First, none of the mutations in MKP-1 pre- 
dispose to tumour development in humans. If this pathway was 
absolutely essential, then one might expect that a tumorigenic mutation 
would have turned up by now. Secondly, MKP-1 deficient mice appear to 
develop normally. Their fibroblasts respond normally with respect to the 
extent and timing of the expression of c-fos, indicating that the control of 
MAP kinase is unperturbed.” Several MKPs have been cloned and, 
although they appear to have substrate-specificity (for instance, MKP-5 
dephosphorylates JNK/SAPK and p38/HOG, but is an inefficient phos- 
phatase for ERK), there may be redundancy of function. 


E SHP-1!, Epo-R, STATS and JAK2 


A role for the protein tyrosine phosphatase SHP-1 was first indicated in 
mice that had a somewhat moth-eaten appearance, with patches of 
inflamed skin and hair loss.” The phenotype is due to a systemic autoim- 
mune condition caused by abnormalities in multiple cells of haemapoi- 
etic lineage, marked by a general over-expansion of cell numbers. These 
mice die within weeks of birth. SHP-1 has a down-regulatory effect on a 
number of signal transduction pathways, all related to the proliferation 
and differentiation of haemapoietic cells. 

The receptor for erythropoietin, Epo-R, is a member of the family of 
haematopoietic growth factor receptors (Table 17.1), all characterized by 
a common binding domain and the absence of a cytoplasmic tyrosine 
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Table 17.1 Haematopoietic growth factor receptors 


Stem cell factor receptor (c-kit) 

(also known as the receptor for Steel-locus factor (SLF), mast cell growth factor and 
Kit-ligand) 

IL-2R, IL-3R 

T-cell receptor (TCR) 

Granulocyte macrophage-colony stimulating factor receptor (GM-SCF-R) 

B-cell receptor (BCR) 

Erythropoietin receptor (Epo-R), 

Interferon a/B receptor (INF-a/B-R) 

Colony stimulating factor | receptor (CSF-!R) 


kinase domain. In order to transmit signals, these receptors have to 
recruit protein kinase activity. Following ligand-induced dimerization, 
Epo-R becomes phosphorylated by the action of the PTK JAK2, so gener- 
ating a docking site for the transcription activator STATS (see Chapter 11). 
On docking, STATS is itself phosphorylated by the receptor-associated 
JAK2 and it then abandons the receptor to form a homodimer which 
translocates to the nucleus (Figure 17.7) (see also Chapter 12, page 291. 

The phosphatase action of SHP-1 serves to attenuate the intracellular 
signal. The SH2 domain of SHP-1 binds to a phosphotyrosine residue 
(Y429) on Epo-R and this renders it susceptible to phosphorylation by 
JAK2. The phosphorylated, and hence activated, SHP-1 is thereby enabled 
to dephosphorylate and hence inactivate both the kinase JAK2 and the 
transcription activator STATS. In this way it prevents the undocking, 
dimerization and translocation of STATS to the nucleus. In cells express- 
ing an Epo-R mutant that lacks the Y429 site, SHP-1 is unable to bind to 
the Epo-receptor but STATS still can and, in consequence, Epo-induced 
STATS activation is greatly prolonged.” 

Through its action as a negative regulator of transcription mediated by 
STATS, SHP-1 serves an important role controlling the proliferation of 
haemopoietic progenitor cells. When its activity is suppressed there is a 
sustained level of tyrosine phosphorylation and this is coupled to 
enhanced cell proliferation. Conversely, its over-expression is coupled to 
suppression of cell growth. 


E PTEN, a phosphatase for phosphoproteins and phospholipids 


As indicated above, interest in protein tyrosine phosphatases was sparked 
off in the hope they might act as tumour suppressors. However, of the 
many tyrosine protein phosphatases investigated, none were found to 
exert such a role, until the discovery of PTEN (phosphatase and tensin 
homologue deleted from chromosome-10). This provides the best ex- 
ample of a gene coding for a PTP in which loss of function is linked with 
tumour development.**”’ It plays an essential role in maintaining the 
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Figure 17.7 JAKs and STATs in the transduction of signals from 
haematopoietic growth factor receptors. Binding of Epo to its receptor causes 
dimerization and interphosphorylation of the associated cytosolic JAK2 tyrosine protein 
kinases. These phosphorylate the Epo receptors and generate docking sites for the SH2 
domain of the STATS proteins. These become phosphorylated by JAK2, detach, dimerize 
and translocate to the nucleus to stimulate transcription. SHP-! also binds to the 
tyrosine-phosphate docking sites and dephosphorylates both JAK2 and STATS. As a 
consequence, the transcription factors cannot dimerize and remain in the vicinity of the 
membrane. The signal is attenuated. 


balance between cell survival and cell proliferation (Figure 17.8). Thus it 
came as some surprise to find that it does so, not by controlling the level 
of protein tyrosine phosphorylation, but through its action as a phos- 
phatase for PI-3,4,5-P3.”8 

PTEN is highly expressed in epithelial cells and it is classified as a 
tumour suppressor. Inactivating mutations have been detected in 
glioblastomas, melanomas, breast, prostate and endometrial carcino- 
mas.” Ectopic expression in PTEN-deficient tumour cells results in arrest 
of the cell cycle in the G, phase, eventually followed by apoptosis. It also 
reduces cell migration, a finding that may explain why the loss of the gene 
product is frequently associated with late-stage metastatic tumours.” 

The amino acid sequence of PTEN contains a tyrosine phosphatase 
signature motif (see above) and resembles most closely the dual- 
specificity phosphatases such as MKP-1. In spite of this, PTEN is generally 
a poor protein phosphatase, and it catalyses the dephosphorylation of 
PI-3,4,5-P3 with far greater alacrity.” The three-dimensional structure 
indicates the basis for this preference: its catalytic site, unlike that of other 
protein tyrosine phosphatases, is large enough to accommodate the 
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Figure 17.8 PTEN, a tyrosine phosphatase lookalike which dephosphorylates 
PIP,. Formation of focal adhesion contacts leads to the activation of FAK which 
autophosphorylates at residue Y-397. This serves as a docking site for the SH2 domain of 
the p85 regulatory subunit of PI 3-kinase generating products that activate PKB and 
renders the cell resistant to apoptosis. The reaction is reversed by the lipid kinase PTEN, 
through dephosphorylation of the 3-phosphorylated inositide. 


inositol ring. The presence of positively charged amino acids accounts for 
its preference for negatively charged substrates, such as the polyphos- 
phoinositide head group.*! Although protein substrates are not totally 
excluded (e.g. FAK and the adaptor protein Shc), the tumour-suppressive 
function of PTEN can be ascribed to its lipid phosphatase activity.” 

Since PTEN catalyses the dephosphorylation of PI-3,4,5-P3, it is posi- 
tioned at the head of two well-characterized signalling pathways, the one 
determining cell survival (signals from focal adhesion complexes), the 
other leading to cell proliferation (signals from receptor protein tyrosine 
kinases). In essence, PTEN serves to maintain PI-3,4,5-P3 at a low level. As 
a result, the recruitment and activation of PH-domain containing 
enzymes such as PKB and PDK] are held in check.” PKB regulates cell 
survival through inhibition of activity of Bad and caspase-9 and through 
inhibition of expression of Fas (Chapter 14). It is also implicated in the 
regulation of expression of CyclinD1, which drives cells through the G, 
phase of the cell cycle. PDK1 regulates the activity, not only of PKB but 
also of ribosomal p70 S6 kinase, thereby controlling the rate of protein 
synthesis. 


E Serine-threonine phosphatases 


The PTPs are all monomeric and their differences mainly determined by 
their domain structures, whereas the serine-threonine phosphatases are 


oligomeric and characterized by their association with targeting subunits. 
These direct them to particular locations, thus restricting their action to a 
limited range of substrates such as the phosphorylated form of myosin 
light chain or ribosomes. The first serine-threonine phosphatase to be 
discovered, PP1G, inactivates glycogen phosphorylase.’ 

Other serine-threonine phosphatases, initially classified in the four 
groups PP1, PP2A, PP2B and PP2C, have since been identified. Because 
they are relatively unspecific in their action, it was thought that this small 
number of enzymes would be sufficient to balance the effects of the 
numerous protein kinases.” Some functional diversity became apparent 
with the discovery of inhibitors that affect a restricted range of phos- 
phatases. As examples, okadaic acid, a tumour promoter, is a potent 
inhibitor of PP] and PP2A, whereas cyclosporin (used to inactivate T lym- 
phocytes and prevent tissue rejection following organ transplantation) is 
a selective inhibitor of PP2B (calcineurin). 

Real diversity came to light when it was realized that the purified activi- 
ties only represent the catalytic subunits, but that in the cellular environ- 
ment these enzymes are coupled with targeting or inhibitory subunits. The 
subcellular distributions, substrate selectivities and catalytic activities are 
largely determined by these subunits. For example, PP 1 is potentially active 
against a wide range of peptide and protein substrates and so its activity 
must be carefully limited. Under normal conditions, it is associated with 
the glycogen-targeting G-subunit as the heterodimer PP1G, which has very 
high affinity for glycogen (Kp ~6 nmol/l). This ensures that its free form is 
kept at vanishingly low levels. In the situation of severe glycogen depletion, 
soluble inhibitor proteins (inhibitor 1, Inh1) ensure that its concentration 
in the cytosol is kept low (Figure 17.9). In these ways, PP1 is prevented from 
acting as a loose cannon, randomly dephosphorylating any phosphopro- 
tein that might come in range. The association with particular targeting 
proteins narrows the range of available substrates. The other enzymes of 
glycogen metabolism, phosphorylase kinase, phosphorylase and glycogen 
synthase are also tightly bound to glycogen and all three are good sub- 
strates for dephosphorylation by PP1G. 
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Figure 17.9 Serine phosphatases, targeting subunits and inhibitor proteins. 
PPI never exists in a free soluble form. It is either bound to its regulator subunit G, 
associated with glycogen, forming the enzyme complex PP IG. Alternatively it is bound to 
the inhibitory subunit Inh| which prevents uncontrolled dephosphorylation of other 
substrates, 
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® Classification of protein serine-threonine phosphatases 


The serine-threonine phosphatases are classified in two superfamilies, 
PPP and PPM, listed in Table 17.2.” To date, the PPM comprise the 
Mg**-dependent PP2C and mitochondrial pyruvate dehydrogenase 
phosphatase (PDP). The PPP family is characterized by the presence of 
three invariant amino acid motifs (-GDxHG- . . . -GDxVxRG- . . .-GNH-) 
in the catalytic domain. The genome of yeast (S. cerevisiae) possesses 
genes coding for 12 catalytic subunits in the PPP family and it is likely 
that mammalian genomes will reveal 10 times more. Furthermore, the 
existence of a large number of targeting subunits will make for a huge 
number of functionally discrete serine-threonine phosphatases. 


Table 17.2 Classification of protein serine-threonine phosphatases and their targeting 
subunits. The three-letter acronyms adhere to the conventions of the human genome 
nomenclature in the specification of a family. For the protein phosphatases, PPP indicates 
phosphoprotein phosphatase, PPM activation by magnesium. 


Old New 

Catalytic subunits (C) 

PPP family 

PPI a, B, y PPPICA, PPP1CB, PPPICC 

PP2A a, B PPP2CA, PPP2CB Plus subunits either B or C 


PP2B a, ßB,y  PPP3CA,PPP3CB,PPP3CC Plus subunits (calmodulin) 
PP4 PPPC4 
PPS (Pptl) PPPSC 


PP6 PPP6C 

PPM family 

PP2C a, B PPMI ICA, PPMCIB Monomer Mg?*+-dependent 

PDP PPM2C Mitochondrial pyruvate dehydrogenase 
phosphatase 

Targeting or regulatory subunits (R) 

PPPIR family 

l-1 PPPIRIA Inhibitor of PPI when released from 
G-targeting subunit 

DARPP32 PPPIRIB Neuronal inhibitor of PP] (dopamine and 
adenosine regulated) 

PPI 1-2 PPPIR2 Inhibitor of PP1 

G,, PPP|R3 Targeting PP1 to glycogen and sarcoplasmic 
reticulum in skeletal muscle 

G, Targeting PP1 to glycogen in liver 

MI10 Targeting PP1 to myofibrils in skeletal and 
smooth muscle 

P53BP2 Targeting PP1 to the tumour suppressor 


nuclear protein p53 
NIPP-1 Nuclear inhibitor of PP1 


E The role of PPI in the regulation of glycogen metabolism 


Site-specific phosphorylation of the G-subunit of PP1G enables it to gener- 
ate the appropriate responses for adrenaline and Ca** on the one hand 
(glycogenolysis), and for insulin on the other (glycogen synthesis). In skel- 
etal muscle this is catalysed by PKA at site 2, or by insulin-stimulated 
protein kinase (ISPK) at site 1 (Figure 17.10).°° Both sites are located in the 
N-terminal regulatory domain. Phosphorylation at site 1 (insulin) brings 
about dephosphorylation of glycogen synthase and phosphorylase kinase. 
This increases the activity of the synthase and suppresses the activity of the 
kinase. Conversely, the effect of adrenaline is to cause phosphorylation at 
site 2, reducing the stability of the PP1G dimer by a factor of 10‘ and releas- 
ing the catalytic subunit to the cytosol, where it becomes associated with 
Inh1.The regulatory G-subunit remains associated with the glycogen. With 
the phosphatase activity suppressed, the phosphorylation of the glycogen 
metabolizing enzymes due to PKA persists, so that glycogen synthase is 
suppressed and phosphorylase kinase is activated. Dephosphorylation of 
PP1G at site 2, and hence its reactivation, is mediated by PP2A and the 
Ca**-dependent PP2B (the reset button)” (Figure 17.11). 

The mechanisms that control phosphatase (PP1) activity in liver and 
muscle are different. In liver, the activity of the G, subunit is not con- 
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Figure |7.10 Decision-making in glycogen synthesis and breakdown: a balance 
of phosphorylation and dephosphorylation. (a) Adrenaline and insulin have 
opposing effects on the phosphatase activity of the PPIG complex. Adrenaline drives 
glycogenolysis through the activation of PKA, which leads to activation of phosphorylase. 
In addition, it ensures that phosphorylase remains activated by phosphorylating the 
regulatory subunit G „ at the 2 position. This causes detachment of PP! which is 
sequestrated by Inh| and renders the phosphatase inactive. PKA also phosphorylates and 
inactivates glycogen synthase. (b) Insulin, which drives gluconeogenesis, has the reverse 
effects. Through phosphorylation of IRS-| it activates ISPK-| and this phosphorylates the 
G, subunit at the | position, so enforcing interaction with PPI. The phosphatase activates 
glycogen synthase and inactivates phosphorylase a. 
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Figure 17.11 Rebalancing glycogen breakdown and synthesis: PP2A and PP2B. 
When adrenaline is removed, glycogen metabolism has to be reset through 
dephosphorylation of the site-2 serine of the G, subunit of PPIG. Reactivation of PPIG 
is mediated by the two phosphatases, PP2A and Ca’*-dependent PP2B (calcineurin). In 
this condition PPIG again becomes sensitive to adrenaline and insulin. Under these 
‘resting’ conditions, it is likely that PPI shuttles between G, and Inhl, giving a low basal 
production of glucose-|-P. 


trolled by phosphorylation. Instead the inhibition of phosphatase activity, 
necessary to suppress the action of glycogen synthase, is exerted by 
the phosphorylated (active) form of the target enzyme phosphorylase’? 
(Figure 17.12). This acts as an allosteric inhibitor of PP1G at extremely low 
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Figure 17.12 Regulation of glycogenolysis in liver: inhibition of PP I. Induction of 
glycogenolysis differs in liver and muscle. In liver, the activated phosphorylase binds to the 
regulatory subunit G, (distinct from G,, in muscle) and this inhibits the activity of the 
phosphatase PPIG. PKA also phosphorylates and inactivates glycogen synthase which 
remains phosphorylated because of the inhibition of PPIG. Glycogen breakdown ensues. 
Note that the displacement of phosphorylated glycogen synthase is intended to indicate 
inhibition, not physical detachment from the glycogen. 


concentrations. Again, this provides an effective means for coupling the 
activation of glycogenolysis to the suppression of glycogen synthesis, and 
vice versa. 


E The role of PP2B (calcineurin) in regulation of T-cell proliferation 


Although we now recognize that it has a wide tissue distribution,” 
PP2B was originally identified as a calcium binding protein present in 
neural tissue, hence its alternative name, calcineurin.*! Only later was it 
realized that it possesses phosphatase activity and that its regulatory 
subunit is the Ca?*-binding protein calmodulin (see page 173). The 
whole assembly consists of three subunits: calcineurin A (the catalytic 
subunit), calcineurin B (a regulatory calmodulin-like subunit) and 
calmodulin itself. The B-subunit restricts the range of substrates. Cal- 
cineurin can be activated either by elevation of the cytosol concentra- 
tion of Ca* or by phosphorylation of calcineurin B, which has the effect 
of increasing the Ca**-affinity so ensuring that activation can occur at 
resting Ca* concentrations. 

Through the use of cyclosporin and FK506, used to suppress T lympho- 
cyte-mediated immune responses, functional roles of calcineurin have 
come to light (see Chapter 8). The potency and specificity of these 
drugs offered the possibility of new therapies to counter transplant 
rejection and to treat autoimmune diseases. Indeed, since its discov- 
ery, the use of cyclosporin A has enormously increased the survival of 
patients receiving kidney, heart and liver transplants. It also finds 
application in the treatment of asthma.** Both drugs prevent clonal 
expansion of T lymphocytes, predominantly by inhibiting IL-2 expres- 
sion. However, they bind to distinct intracellular receptors, 
cyclosporin to cyclophilin and FK506 to FK-binding protein (FKBP), 
known collectively as the immunophilins*® (Figure 17.13). These act to 
prevent the access of calcineurin to NF-AT,** maintaining its phosphor- 
ylation state and so preventing its translation to the nucleus (Figure 
17.14; see also Figure 12.3, page 287).*7 In addition to its well- 
established role in the transcription of IL-2, resulting in clonal expan- 
sion, NF-AT also induces the genes coding for IL-4, GM-CSF and 
TNFa. In this way, protein dephosphorylation plays a pivotal role in 
T-cell activation.**” 

Three steps of activation have been defined for NF-AT: dephosphoryla- 
tion, nuclear translocation and increase in affinity for DNA (Figure 
17.14).® In resting T-cells, NF-AT is phosphorylated on a number of serine 
residues and confined to the cytosol. The Ca** signal arising from activa- 
tion of the T-cell receptor activates calcineurin and the resulting dephos- 
phorylation exposes the nuclear localization sequence (NLS) and the 
DNA-binding region of NF-AT. Both molecules are transported, as a com- 
plex, to the nucleus. Members of the NF-AT family of transcription factors 
associate with the AP-1 complex (Jun and Fos, activated through the 
Ras/ERK pathway: see Chapter 11). The tight association of the three pro- 
teins on DNA drives the gene expression. The synergy between the 


Protein Dephosphorylation and Protein Phosphorylation 


Figure 17.13 Immunophilins inhibit the phosphatase activity of calcineurin. 
The drug FK506 binds to its intracellular receptor, the immunophilin FKBP12 (light green 
chains). The combination is immunosuppressant, binding to both the CnA- (catalytic, blue) 
and CnB- (lower green structure with four Ca? ions bound) subunits of the calcineurin 
heterodimer, inhibiting its action (see Figure 8.6, page 177). 
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Figure 17.14 Calcineurin (PP2B), regulator of nuclear import of the 
transcription factor NF-AT. Activation of the TCR causes an increase in intracellular 
free Ca**. This induces the construction of the calcineurin complex comprising calmodulin 
(CaM), a regulatory subunit (CnB) and a phosphatase subunit (CnA). Calcineurin 
combines with the transcription factor NF-AT and the resulting dephosphorylation 
exposes the nuclear import signal. The calcineurin/NF-AT complex translocates to the 
nucleus and associates with a second transcriptionally active complex AP-| to induce 
transcription of IL-2. 


calcineurin and Ras/ERK pathways is necessary for successful T-cell pro- 
liferation.” To illustrate this synergy, the combination of constitutively 
activated Ras together with ionomycin (a Ca** ionophore) provides an 
effective stimulus for T cell activation; either stimulus applied alone is 
without effect. 

This pathway can be inhibited by the immunosuppressant drug 
cyclosporin. It binds cyclophilin (CyP) and the complex occupies the cat- 
alytic pocket of calcineurin, preventing access of NF-AT. The transcription 
factor remains phosphorylated. It cannot induce transcription of IL-2, 
and in this way it prevents clonal expansion of T lymphocytes. 

Calcineurin also appears to play an important role in preventing the 
export of NF-AT from the nucleus.” In the absence of bound calcineurin, 
activated NF-AT becomes subject to futile cycling across the nuclear 
envelope. When intracellular free Ca% falls and calcineurin dissociates 
from the transcription factor, export prevails, thereby terminating the 
T-cell receptor signal. 
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W Protein domains and 


signal transduction 


E Structurally conserved protein modules 


Many of the proteins involved in cellular signalling possess a multi- 
domain architecture (Table 18.1). Protein domains are regions within a 
protein molecule that exhibit structural homology.' More strictly, they are 
called ‘structural domains’, because it is their tertiary structures that are 


Table 18.1 Examples of proteins with structurally conserved domains 


Protein Chapter Structure 

RasGAP 4 {SH3) {SH2] FH] {RasGAP] 

Sos I {BH} -[PH] {RasGefN] -[RasGEF] --polyPro-polyPro-polyPro- 
PLCS ~EF- EF-[PI-PLC-X] -[PI-PLC-Y] -[G2] - 

PLCyI 5,11 [PH] -Er-PEPLCX] -0 {SH2] {SH2] {SH3) -9 -PEPLCY] 
Protein kinase B 13 -[pkinase] - 

Grb2 iI -{SH2] -[SH3] 

Nek I SH3] -(SH3] {SH3] -[SH2 

p85 subunit of 13 SH3 SH2) ---[SH2] 

PI3-kinase 

B-Adrenergic 4 -[pkinase] -[PH] 

receptor kinase 

Btk 17 [PH] -[BTK] {SH3] -SH2] -[pkinase] 

Vav 12 --[DH {Ci] -[SH3] -[SH2] -[SH3 

Dbl 17 

She Il i 

Src 11,12 SH3] -(SH2] -[pkinase] - 


homologous and this may extend over a wide range of proteins. Their 
amino acid sequences tend to be poorly conserved. Each of the many 
types of domain is based on a compact, stable structure possessing a 
hydrophobic core. They consist typically of stretches of 40-100 amino 
acids and are encoded by discrete exons. A particular protein may possess 
several kinds of domains that have been brought together during evolu- 
tion by the shuffling of exons. Because the tertiary structures of domains 
are compact, with N- and C-termini adjacent and exposed, they can insert 
as ‘plug-in’ modules into more extended structures. 

Domains originate from a set of primordial globular structures that had 
the qualities of rigidity and stability. Where sequence homology exists, it 
preserves the basic properties; where the sequence is variable, it can allow 
variations of function, such as the specification of the target, localization 
or mode of activation. Thus, differences in sequence may reflect adapta- 
tions to meet special requirements. A particular protein may acquire a 
domain by gene fusion, allowing it to incorporate into its structure a sub- 
unit that was previously independent and that has been recruited for a 
particular purpose. Such insertion can occur most readily at loops in the 
parent structure, interrupting its linear sequence. By the same token, 
the linear sequence of a structural domain may itself be interrupted. 
For example, the chains that form one of the PH domains of PLCy are 
separated by an insert of almost 350 residues containing three Src 
homology domains (Table 18.1). 


WE identification of domains 


Since the level of sequence homology among domains of the same type is 
limited and, because of insertions, their identification from sequence 
data is difficult. Indeed, in the absence of structural information, their 
recognition has relied upon computer programs that make multiple com- 
parisons of sequences and structures. As these methods have become 
more refined, domains that were not previously perceived have become 
evident in many proteins. 


E Domain function 


While some globular proteins possess several different types of domains, 
or even multiple copies of a particular domain, there are others that pos- 
sess only one. Many have no recognizable domains at all. It is common for 
signalling proteins to contain multiple domains. However, although our 
ability to detect the presence of domains has developed rapidly, our 
understanding of their functions is still in its infancy. Some domains have 
built-in enzyme functions (such as kinase and DH domains); others 
recognize specific peptide sequences (such as SH2 and SH3 domains); 
others (such as PH domains) recognize particular lipid head groups and 
yet others can bind phospholipids in a Ca’*-dependent fashion (C2 
domains). The non-catalytic interactions can enable the incorporation of 
signalling molecules into complex structures at specific membrane sites, 
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all at the touch of a switch initiated by the binding of an activating ligand 
to its receptor. 

In this chapter the basic principles of protein domains and their roles in 
signalling mechanisms are outlined. The discussion is limited to selected 
examples of domains and modules that have received mention elsewhere 
in this book. Although not strictly a domain, the EF-hand Ca™ binding 
motif is also discussed. 


E Domains that bind oligopeptide motifs 

HM SH2 domains 

The SH2 domain is a region, separate and distinct from the catalytic 
domain in the non-receptor protein tyrosine kinase pp60*" (reference 2; 
see Chapter 12), hence SH2, Src homology region 2. SH2 domains are 
present in all non-receptor PTKs, generally located immediately N- 


terminal to the kinase domain. They are also present in a large number of 


other proteins. They consist of about 100 residues and provide high-affin- 
ity binding sites for phosphorylated tyrosine residues (K, ~50-500 nmol/l) 
(Figure 18.1). The tertiary structure consists typically of a central antipar- 
allel B-sheet flanked on either side by two a-helices. The target phospho- 
tyrosine is present in a four-residue motif and this binds by straddling the 
edge of the f-sheet. Residue 1 is the phosphotyrosine and residue 4 (i.e. 
pY+3) is usually hydrophobic. Each of these is held within a pocket, one 
on either side of the B-sheet. Five classes of SH2 domain have been re- 
cognized, distinguished by their binding specificities. These are deter- 
mined by the residues that form the binding motif. For example, the 
SH2 domain of the Sre family kinases binds optimally to the sequence 


Figure 18.1 SH2 domains. Two orthogonal views of the structure of an SH2 domain 
(from the Src kinase Lck) with a bound phosphotyrosylpeptide ligand (EPQPYEEIPIYL). 
The backbone of the ligand (1! residues) is shown in green. The binding motif is a central 
pYEEI. The phosphotyrosine and isoleucine residues are shown at left and right 
respectively in each view. (Data source: IIcj.pdb'’.) 


The slime mould 
Dictyostelium discoideum can 
be regarded as a real 
transitional species. For most 
of the time it exists as single 
cells, but under stressful 
conditions such as 
starvation, these cells 
aggregate as a so-called slug 
which can migrate as a 
coherent organism. The cells 
differentiate forming a stalk 
and an independent fruiting 
body, and these distribute 
spores. 


pYEEI (see Figure 11.7, page 264). The affinity of SH2 domains for non- 
phosphorylated tyrosines or for phosphoserines or phosphothreonines is 
negligible. 

SH2 domain-containing proteins may possess catalytic activity, such as 
Src (Chapter 12 and below) and PLCy (Chapter 5). Alternatively they may 
possess no identifiable catalytic activities of their own, such as Grb2 
(Chapter 11), which also possesses two SH3 domains (Table 18.1). These 
bind a motif that is quite different from that recognized by SH2 domains 
(see below). Thus, it can act as an adapter molecule, directing a tyrosine 
phosphorylation signal into a Ras pathway signal. 

SH2 domains have been identified in animals, but not so far in the other 
main kingdoms of eukaryotic organisms, such as plants and fungi. In evo- 
lutionary terms, the most ancient form appears in the STAT protein 
(Chapter 12) of the slime mould Dictyostelium discoideum. This suggests 
a role for the SH2 domain in the evolution of multicellular animals. In 
response to an activating signal, STAT molecules dimerize through a 
mutual interaction involving an SH2 domain on each and a phosphotyro- 
sine on the other. The dimeric form then enters the nucleus and binds to 
DNA to direct transcription, essentially as it does in higher animals. 


E PTB/PID domains 


Another type of domain that recognizes phosphotyrosine residues is the 
PTB (phosphotyrosine binding) domain (alternatively: phosphotyrosine 
interaction domain, PID). However, this has completely different molecu- 
lar architecture from the SH2 domain. Also, in contrast with SH2 domains, 
the specificity of interaction is determined by the sequence of amino 
acids immediately on the N-terminal side of the phosphorylated tyrosine 
residue (NPXpY motif).** Curiously, PTB/PID domains are structurally 
very similar to PH domains, with a B-barrel structure and a long a-helix 
that packs against one end (compare Figure 18.2 with Figure 18.6). How- 
ever, PH domains have quite different targets (see below), which bind 
either to the loops that join the B-chains or to the major helix. In PTB 
domains, by contrast, the target phosphotyrosine binds to one side of the 
B-barrel (Figure 18.3). 


E SH3 domains 


SH3 domains consist of 55-75 amino acids that form a twisted $-barrel 
structure (Figure 18.4). This stable core is conserved, but the loops that 
join the B-strands are variable. The motif on the target proteins, to which 
SH3 domains bind, consists of a proline-rich stretch of 8-10 residues. 
Such sequences form extended left-handed helices having three residues 
per turn (called a type II polyproline helix). The binding site is lined with 
hydrophobic aromatic amino acids. The planar side-chains form ridges 
that fit into the grooves of the polyproline helix, rather like the threads of 
two adjacent screws that fit together (Figure 18.5). About three turns are 
involved in binding and the consensus motif is either RXLPPLPXX or 
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Figure 18.2 PTB/PID domain structure. Stereoscopic diagram of the structure of 
the PTB domain of Shc. The conserved secondary structure that forms the core is shown 
in colour (a-helix, magenta; {}-structure, yellow). The helix closes off one end of a 
twisted [}-barrel, (Data source: |shc.pdb'*.) 


Figure 18.3 PTB domain with bound phosphotyrosine-containing motif. The 
target motif of the PTB domain is depicted in green and the phosphotyrosine is coloured 
red. (Data source: | shc.pdb'*.) 


How to view stereo 
images of molecular 
structures 
There is much more 
information in a stereoscopic 
image than a conventional flat 
projection. Almost everyone 
can view stereo pictures with 
unaided eyes, but it does take 
a while to get used to it 
Practice is the key, unless you 
are unfortunate enough to 
have one very weak eye 
There are two ways of 
seeing a three-dimensional 
image by observing a stereo 
pair. You may either cross 
your eyes, so that the left eye 
views the right-hand image 
and vice versa, or you may 
allow your eyes to diverge, so 
that each eye looks at the 
image in front of it. Rasmol- 
generated images are, by 
default, for convergent 
(cross-eyed) viewing and 
CHIME images are for 
divergent viewing. To view 
the images in this book (and 
most printed images), you 
should view the left image 
with the left eye and the right 
image with the right eye. If 
the two do not readily fuse 
into a single three- 
dimensional image, try the 
following 
* First touch your nose to 
the page between and below 
the stereo pair. The two 
images will now be 
superimposed, but the 
picture will be very blurred 
(although you may notice 
some three-dimensionality at 
this stage) 
* Now move the page 
slowly away from you, but 
take care not to rotate it 
Concentrate on the three- 
dimensional aspect and wait 
for your eyes to bring it into 
focus. 
Note: if you attempt to view 
a divergent pair using the 
convergent strategy (crossed 
eyes) the image will be three- 
dimensional but inverted in a 
confusing way. 


Figure 18.5 Molecular 
surface of an SH3 
domain bound toa 
proline-rich peptide. 
The SH3 domain of Fyn 
depicted as a molecular 
surface (using CHIME). 
The target peptide is 
shown in spacefill format 
using the same colour 
scheme as Figure 18.4. 
(Data source: lazg.pdb'*.) 


Figure 18.4 Stereoscopic view of a left-handed proline-rich helix binding to 
the surface of an SH3 domain. Structure, obtained by NMR, of the SH3 domain of 
the Src kinase Fyn, complexed with a synthetic peptide corresponding to residues 91—104 
of the p85-subunit of PI3-kinase (PPRPLPVAPGSSLT). The peptide, in ball and stick format, 
is coloured to show Pro pink; Arg, Lys blue; Leu, Val green; Ala, Gly grey; Ser, Thr, orange. 
(Data source: lazg.pdb'*.) 


XXXPPLPXR, giving rise to two classes of SH3 domain-binding proteins. 
Those bearing the first sequence will align their motifs in the opposite 
direction to proteins with the second sequence. However, the binding in 
both cases is usually weak and these interactions are promiscuous. Such 
unreliability may account for the presence of two or more SH3 domains in 
adaptor proteins such as Grb2 (Chapter 11) and Neck (Table 18.1). In the 
case of Grb2, these bind to two neighbouring proline-rich regions on the 
target, thereby increasing the affinity and specificity of binding. The tan- 
dem arrangement of SH2 and SH3 domains found in a variety of sig- 
nalling proteins may provide a conformational mechanism for regulating 
SH3-dependent interactions through tyrosine phosphorylation." 


E Domains that bind proteins and lipids 
E PH domains 


PH (pleckstrin homology) domains are a relatively recent addition to the 
inventory of known structural domains. Consisting of some 100 amino 
acid residues, sequence matches for them have been found in over 600 
proteins, though detailed structures are known for only a few of these. 
Their function is less clear than that of the SH2 and SH3 domains and it 
varies among different PH domains. Many have been shown to mediate 
protein-protein or protein-lipid interactions. They were first identified as 
internal repeats in pleckstrin, the major substrate of protein kinase C in 
platelets.”" Pleckstrin itself, rather unusually, possesses two PH domains, 
one at either end of the molecule. 

The sequences which make up the various PH domains are much more 
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variable than those of SH2 and SH3 domains. Like all domains, the few 
conserved residues tend to be immersed in the interior, where they main- 
tain the core structure. Multiple sequence alignments of PH domains 
from different proteins reveal this lack of similarity, as illustrated in Table 
18.2. 

The conserved three-dimensional structures of PH domains are char- 
acterized by a B-barrel structure, consisting of seven antiparallel B-strands 
with a C-terminal a-helix packed against one end of the barrel. This forms 
a rigid frame. The process of evolution has adapted this structure, partic- 
ularly in the interchain loop regions, to form PH domains with different 
binding specificities. It is noteworthy that the same fold forms the core of 
the PTB/PID domains (compare Figure 18.6 with Figure 18.2). 

The assignment of function to PH domains is not straightforward. For 
signalling proteins, it is useful to identify specific ligands. Some are listed 
in Table 18.3. A number of proteins contain PH domains that can bind to 
the By-subunits of G-proteins. The best known of these is BARK, the 
kinase that catalyses phosphorylation of B-adrenergic receptors, but 
although it is known that the By-subunits bind to the C-terminal region of 
the PH domain, the structural details of the interaction are unclear. In 
contrast to BARK, the homologous protein rhodopsin kinase, which has 
no PH domain, possesses a farnesyl group at its C-terminus and this 
hydrophobic modification enables it to associate with membranes. This 
suggests that association of a PH domain with a membrane-tethered 
By-subunit also functions to attach the host molecule at a membrane site. 

PH domains may also interact with membrane polyphosphoinositides. 
This occurs through binding of the 4- and 5-phosphate groups of the 
phospholipid headgroup to residues in a cleft between the loops con- 
necting the B-strands. For instance, this is a property of the PH domain of 
PLC6 which binds to PI(4,5)P, (or IP,) (Figure 18.6). This high-affinity 
interaction may direct the phospholipase to membrane regions contain- 
ing P1(4,5)P,, which is also the substrate for the catalytic domain. Another 
example is provided by the Btk/Tec family of non-receptor PTKs, except 
that in this case the PH domain is selective for PI(3,4,5)P,, the product 
of PI3-kinase. It seems that the main function of these PH domains is to 
target proteins to specific membrane locations determined by the pres- 
ence of individual polyphosphoinositides. The presence of IP,, which 
might prevent this form of interaction, provides yet another possible link 
to signal transduction processes. The PH domain of BARK can bind to 
both PI(4,5)P, and By-subunits to ensure its translocation to a membrane 
site. A link with the regulation of heterotrimeric G-proteins and the acti- 
vation status of 7TM receptors is then provided by the finding that the 
dissociation of the G,,/ BARK complex is regulated by the level of PIP,,. 

Finally, although we have good clues about the functions of a few 
important PH domains, we know little about the remainder. PH domains 
may use either or both of the two basic mechanisms described above for 
membrane translocation, but some use neither and much remains to be 
clarified. 


Table 18.2 Sequence alignments of PH domains. 
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Residues of PLC-6! and B-spectrin PH domains that specifically interact with ligand are in magenta. R — C mutation in the Src kinase Btk, found in immunodeficient 
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Figure 18.6 PH domain with bound IP,. Stereoscopic diagram of the structure of 
the PH domain of PLCI complexed with IP,. The secondary structure forming the 
conserved core is indicated in colour (a-helix, magenta; f-structure, yellow). As for PTB 
domains, the major helix closes off one end of a twisted f}-barrel. IP, is depicted as a ball 
and stick model in Rasmol cpk colours (red, oxygen; yellow, phosphorus). (Data source: 

| mai.pdb'*.) 


Table 18.3 Some physiological ligands of PH domains 


Host protein Ligands Protein function 

B Adrenergic receptor By-subunits, PI(4,5)P Down-regulation of receptors 

kinases 

Phospholipase Còl PI(4.5)P., IP Regulation of enzyme activity 

Akt/PKB PI(3.4)P., Pl(3,4,5)P A downstream effector of PI 3-kinase, 


pulation Of enzyme activity 
Btk PI(3,4,.5)P Regulation of leukocyte activation 


Ras-GAP PI(3,4,5)P Link between PI 3-kinase and Ra 


Adapted from Lemmon et 


E Polypeptide modules that bind Ca* 
E The EF-hand motif 


Common Ca?*-binding regions on proteins include the EF-hand motif. E 
and F denote helical regions of the muscle protein parvalbumin, in which 
the motif was first identified. The Ca™ binding site is formed by a 
loop of approximately 12 amino acids that links the two a-helices (a 
helix-loop-helix structure) (Figure 18.7). EF-hands generally occur as adja- 
cent pairs. This arrangement allows them to fold compactly, and this is 
called an EF-hand unit. In general, the core of the EF-hand structure is rea- 
sonably conserved, but the outer regions vary and the Ca™ dissociation 
constant can range from 107 to 10° mol/l. The important intracellular 


The binding of one ligand 
alters the affinity of other 
site(s). Positive cooperativity, 
as in this case, denotes an 
enhancement of the affinity 
at other sites. 


Figure 18.7 EF-hand structure. Two views of the structure of one of the EF-hands of 
calmodulin showing a bound Ca? ion (green). The seven oxygen atoms that form the 
coordination shell are indicated in red. (Data source: | cll.pdb'’.) 


Ca**-sensor calmodulin possess two EF-hand units (i.e. four EF-hands). In 
each motif, the chemical ligands that coordinate each Ca** ion are oxygen 
atoms provided by aspartate and glutamate side-chains and by a peptide- 
bond carbonyl group, and also by a water molecule.'*'' Conformational 
changes in calmodulin that result from Ca™ binding are described in 
detail in Chapter 8. 


E C2 domains 


Unlike the small EF-hand motifs, C2 domains are substantial structures 
that possess Ca” binding sites. They are also known as CaLB or Ca* and 
lipid-binding domains, and they exist in a wide range of intracellular pro- 
teins. Like the EF-hands their affinity for Ca* is variable. They are named 
for their homology with the so-called ‘second conserved’ regulatory 
domain of protein kinase Cf (see Figure 9.8, page 200). 


~ Structure of C2 domains 

C2 domains are made up of approximately 130 amino acid residues 
arranged in a rigid, eight-stranded, antiparallel 8 sandwich (Figure 18.8). 
Ca**-binding is confined to a region that is defined by three loops on one 
edge of the structure. In the C2 domain of PKC, depicted in Figure 18.8, 
five aspartate residues on two of the loops contribute coordinating oxy- 
gens that help form the Ca” binding pocket, in which up to three Ca* ions 
can be bound in a cooperative manner. Note, however, that the coordina- 
tion sphere around each Ca** ion is not quite complete. C2 domains also 
bind negatively charged phospholipids (such as phosphatidylserine, 
phosphatidylinositol and polyphosphoinositides). Apart from the anionic 
residues, the side-chains in the loop regions are mostly positively 
charged. When calcium ions enter the pocket, the negative charges are 
neutralized and the protein can then bind electrostatically to the anionic 
lipid, which may complete the coordination spheres. Thus, phospho- 
lipid binding requires the binding of Ca**, which acts like an ‘electro- 
static switch’, changing the surface potential of the protein.'* This 
mechanism allows soluble proteins with C2 domains to become 
membrane-associated when intracellular Ca™ becomes elevated to 
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Figure 18.8 C2 domain structure. Stereo image showing secondary structure with 
Ca?’ in green. (Data source: |a25.pdb'®.) 


micromolar levels. It repeats a theme that we have encountered before: 
the recruitment of a signalling molecule through one of its domains to a 
specific membrane location. 

In general, C2 domains do not necessarily exhibit all these characteris- 
tics. There are variations in the stoichiometry of binding (number of sites) 
and in the affinity for Ca**. Indeed, some do not bind Ca”, but can associ- 
ate with other proteins, suggesting a possible alternative function. 


E Protein kinase domains 
E Protein kinases share a common domain 


Protein kinases catalyse the transfer of a phosphate group from ATP to a 
hydroxyl residue on an amino acid side-chain. There are two principal 
classes: serine/threonine kinases and tyrosine kinases. In both, the cat- 
alytic activity is confined to a structurally conserved domain called a pro- 
tein kinase domain. The basic architecture of kinase domains is typified 
by the catalytic subunit of the cAMP-dependent protein kinase A (PKA) 
and this is illustrated in Figure 18.9. The peptide chain is folded to form 
two lobes that are in close apposition, the cleft between them housing the 
catalytic site. There is also an N-terminal a-helical chain (the A helix) that 
binds to the surface of both lobes. It is sometimes referred to as the linker. 
The lobes are connected to each other by a single polypeptide chain 
which acts as a hinge. 

The N-terminal lobe is the smaller of the two, possessing about 100 
amino acids. At the N-terminus it is myristoylated, but there is no evi- 
dence that the myristoyl group is free to associate with membranes. 
Instead, it occupies a pocket and provides structural stability, helping to 


Protein kinase domain architecture. Stereo diagrams of the catalytic 
subunit of porcine PKA. The linker chain (A helix) is coloured cyan. The small lobe is blue 
and the large lobe is violet. The activation segment is shown in red. An N-terminal 
myristoyl group is not shown. (Data source: | cdk.pdb'’.) 


keep the linker in contact with the large lobe. The principal feature of the 
small lobe is an antiparallel B-sheet. There are also two a-helical chains: 
the B- and C-helices. The larger lobe consists of approximately 200 
residues and it possesses mostly a-helical structure, arranged around a 
stable four-helix bundle. 


Structural elements that regulate kinase activity 


In broad terms, the principal function of the small lobe is to bind ATP, and 
that of the large lobe is to bind substrate and enable catalysis. However, 
the detailed interactions of the lobes with each other, as well as with ATP, 
Ca” and substrate, are complex. First, ATP must enter the cleft and bind 
in the correct orientation. To do this, it makes contact with residues on 
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both lobes. Two Mg* ions are also bound, but for clarity these are not 
shown in the following figures. Next, the recognition and binding of a con- 
sensus motif on the target protein must take place. For PKA, the sequence 
of the motif is RXXT/Sh (where h indicates a hydrophobic side-chain). 
The target hydroxyl group on serine or threonine must be accurately 
aligned with the terminal phosphate of ATP and ultimately the ADP that 
is formed must be exchanged for new ATP. 

All this requires the coordinated interaction of amino acid side-chains 
and peptide bonds in specific structures on both lobes. These are shown 
in bold below and indicated in Figure 18.10. The residues on the small 
lobe that form contacts with the nucleotide and align it, include the main 
chain nitrogens of a glycine-rich loop, between B-strands 1 and 2, anda 
lysine (K72) on B-strand 3 that interacts with a glutamate (D91) on the 
C-helix. In the large lobe, a 24 amino acid segment controls activation. It 
forms the loop following B-strand 8, termed the activation loop, and also 
part of the ensuing helix. On the activation loop is a crucial threonine 
(T197) that must itself be in a phosphorylated state for activation to take 
place. Once thought to be a stable post-translational modification, phos- 
phorylation of T197 is now considered to be a regulatory event for PKA. 
Also following B-strand 8 are residues that contribute to the binding of the 
two Mg** ions (not shown in the figure) and, finally, following B-strand 6 is 
the catalytic loop that contains a glutamate (D166) which is thought to 
initiate the phosphate transfer reaction. 


glycine-rich 


loop ee 
Ss 


nucleotide 


Figure 18.10 Catalytic core of PKA. Some of the important structures and residues 
that form the catalytic site. (Orientation as in Figure 18.9 (bottom), but the framework is 
faded and the linker and substrate are not shown). Key residues include K72 on f}-strand 
3, E91 in the C-helix,T197 in the activation loop and R165 in the catalytic loop (all 
coloured cyan). D166 in the catalytic loop is coloured red. The binding of ATP is indicated 
by the grey, spacefilled molecule. For experimental reasons this is an ATP analogue, 
adenylyl imidodiphosphate. (Data source: | cdk.pdb'’.) 
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Effective catalytic activity depends on the completion of the active site, 
and this requires the binding of ATP and Mg**, the closure of the cleft 
between the two lobes and phosphorylation of T197. The position of the 
activation segment is critical for the correct alignment of the catalytic 
residues, and the contacts made by the phosphothreonine are particularly 
important. Also, ATP binding is very sensitive to the position of the 
C-helix. Thus, both the activation segment and the C-helix can act as 
regulators of kinase activity. 

Binding of substrate in the correct orientation is also critical, and this is 
illustrated in Figure 18.11. In panel (a) the molecular surface of PKA in the 


Molecular surfaces of PKA showing ATP and substrate binding: 
(a) Stereoscopic diagram of the calculated molecular surface of PKA (Van der Waals 
radii). The linker and small lobe are coloured blue; the large lobe is violet. The bound ATP 
(analogue) is just visible.T197 is coloured green. (b) The surface has been rendered 
transparent to reveal the nucleotide. The ‘substrate’ peptide is indicated in red (residues 
5-24 of a protein called PKC inhibitor, PKI). (Data source: | cdk.pdb'’.) 
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closed conformation is shown, with ATP bound deep in the cleft. In panel 
(b) the surface is rendered transparent to reveal the nucleotide and a 
pseudosubstrate peptide is shown in the substrate binding site. 

Phosphorylation of T197 is important because it neutralizes the posi- 
tive charges on a number of nearby cationic residues, including an argi- 
nine (R165) adjacent to D166. It also interacts with residues on the small 
lobe, helping to seal the cleft. T197 is present in the sequence RTWTL. 
This matches the PKA target consensus sequence and so indicates that 
kinase activity is regulated by autophosphorylation. A number of other 
kinases are also phosphorylated at positions equivalent to T197 on 
PKA. These include isoforms of PKC, ERK, MEKI], the cyclin-dependent 
kinases, CDK2 and CDK7, and Src family protein tyrosine kinases. How- 
ever, although a phosphorylation in the activation loop may be condi- 
tional for kinase activation, autophosphorylation at this site does not 
occur in every case. For example, in PKC, ERK and the cyclin-dependent 
kinases, the sequence of the motif in the activation loop does not match 
the consensus sequence recognized by the kinase. This implies a require- 
ment for an upstream kinase (for example, PDK1 for PKC, see Chapter 9). 

Other protein kinases are not regulated by a phosphorylation (see Table 
18.4). Instead, the positively charged arginine residue (equivalent to R165 
in PKA) may be neutralised by an acidic (glutamate) residue (phosphor- 
ylase kinase), or substituted by a non-polar residue (myosin light chain 
kinase). 


Table 18.4 Regulation of kinase activity by phosphorylation of the activation loop 


Phosphorylated in the activation Not phosphorylated in the activation 
segment segment 

Cyclic AMP- PKA 

dependent kinase 

Cyclin-dependent p34 cde2 Phosphorylase kinase 

kinase CDK2 CDK7 

MAP kinase MAPK/ERK2 Casein kinase | 

MAP kinase kinase MEKI EGF receptor EGFR 
Raf! kinase Rafl C-terminal Src kinase Csk 
Ca?*/calmodulin CaMKII Ca?*/calmodulin kinase CaMKII 
kinase 

Protein kinase C PKC a, BII Myosin light chain kinase MLCK 
Insulin-stimulated ISPK 

kinase 

Glycogen synthase GSK3 

kinase 

Insulin receptor IRK 

kinase 

PDGF receptor PDGFR 

c-Src family Src, Yes, Fyn, Fgr, 


Lyn, Lek, Blk 


For historical reasons, the 
numbering of the residues of 
human c-Src corresponds to 
the sequence of chicken 
c-Src. Thus 86-536 actually 
denotes residues 83-533. 
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© The regulatory domains of Src control protein kinase activity 


The non-receptor protein tyrosine kinase c-Src provides an excellent 
example of the regulation of kinase activity by structural domains that can 
take part in protein-protein (or domain—domain) interactions. (The Src 
family of protein tyrosine kinases are described on page 294. 

The three-dimensional structure of human c-Src (residues 86-836) is 
depicted in Figure 18.12. The linker chain and the two lobes of the kinase 
domain are evident. N-terminal to these structures there are the two Src 
homology domains (SH2 and SH3) and at the C-terminal there is a short, 
flexible segment that bears an inhibitory phosphotyrosine (pY527). 

Regulation follows a general principle. The operational machinery that 
enables catalytic activity is contained within the kinase domain itself. The 
controls are located on adjacent domains and regulation depends on 
their interactions with the kinase domain. In the case of Src and related 
kinases, the elements that direct the regulation are the SH2 and SH3 
domains. Src is held in an inactive state by the C-terminal chain phos- 
photyrosine. This provides an intramolecular binding site for the 
N-terminal SH2 domain. There is also an interaction between the SH3 
domain and the linker chain, which adopts a left-handed helical confor- 
mation (resembling a type II polyproline helix, although there is only one 
proline residue). Together, these interactions force the molecule to adopt 
a compact configuration, distorting the small lobe, reducing access to the 
cleft and causing an outward rotation of the C-helix. 

Activation of kinase activity follows events that destabilize the compact 
conformation. Lacking an isoleucine at pY+3, the amino acid sequence 


Figure 18.12 The structure of c-Src in its inactive state. This is the compact auto- 
inhibited conformation of c-Src. The kinase domain is to the right and the linker and 
lobes are coloured as in previous diagrams. The C-terminal tail region (red) contains 
pY527, which is shown in spacefill format, but is mostly hidden. The activation loop is 
sketched as a dotted line because it is disordered in this structure. (Data source: 
Ifmk.pdb”°.) 
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adjacent to the C-terminal pY527 does not match that of the motif that 
binds the SH2 domain of Src most strongly (see Figure 11.7, page 264 and 
Figure 18.1). Consequently, the binding is less tight, giving the opportu- 
nity for pY527 to become dephosphorylated. Displacement of pY527 by a 
higher-affinity phosphotyrosine might facilitate this. Removal of the 
phosphate group allows the molecule to relax into an active conforma- 
tion. However, as in other kinases, phosphorylation of a key residue in the 
activation loop (Y416, equivalent to T197 in PKA) is also essential for 
activity. 

A specific kinase, Csk (Figure 12.6, page 295), is responsible for phos- 
phorylating the C-terminal tail of Src, inhibiting its activity. Mutation of 
tyrosine 527 to phenylalanine in avian c-Src produces a constitutively 
active oncogenic protein. Likewise the oncogenic viral form, v-Src, lacks a 
C-terminal tail. 
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DP-1 235 
Dpp 359, 364, 365 
Drk (downstream of receptor kinases) 267-268 
Drosophila 
MAP kinases 275 
photoreceptor development 266-268, 267, 268 
phototransduction 141, 142, 158, 206-208, 207 
Ras proteins 86 
Smad homologues 366, 368 
TGFB receptor homologues 361, 364-365 
tyrosine phosphatases 377, 378 


E2F 235, 236, 242 
E6 protein 243 
E-selectin 323, 351, 354 
EC50 27-28, 29, 30, 31 
EF-2 kinase (elongation factor-2 kinase) 275 
EF-hand motifs 171, 173, 174, 177, 179, 180, 183, 
401-402, 402 
EGF (epidermal growth factor) 20 
historical aspects 227-230, 229 
EGF receptor 4, 229, 249 
activation 259, 261, 265, 271 
EGTA 148, 148, 181 
eicosanoids 23 
receptor binding 55 
EILDV motifs 318 
ELAM-1 318 
electric organs 42-43 
eLF-4E 272, 273, 307-308 
elongation factor-2 kinase see EF-2 kinase 
endocytosis 31, 84 
endoglin 362 
endonexin fold 172 
endorphins 3 
endothelial cell adhesion molecules 349-351 
Epac 197-198, 198 
ephedrine 2, 37 
epidermal growth factor see EGF 
epidermolysis bullosa 332 
epinephrine see adrenaline 
Epo (erythropoietin) 284 
Epo receptor 284, 380-381 
equilibrium constant 26 
erb-B 229, 230, 249 
ergot 11, 12-14 
ergotamine 14 
ERK (extracellular signal regulated protein kinase) 
80, 84, 92, 210, 270, 271, 274, 330 
activation 196-197, 196, 271, 407 
7TM receptors 276-279 
protein synthesis regulation 272-273, 273 
transcription activation 271-272, 272 
ERKI 274 
ERK2 274 
erythropoietin see Epo 


eserine 14 
excitation-contraction coupling 157, 182 
exocytosis 157, 179, 181 
signalling pathways 289 
extracellular matrix 315, 317, 319, 324 
extracellular signal regulated protein kinase see ERK 


F-actin 180 
F-box 246 
Fab fragments 316 
FADD 339, 350 
FAK (focal adhesion kinase) 325, 326, 329, 337 
Fas 339 
Fas ligand 339, 339 
Fcy receptor 215, 316-317 
FGF (fibroblast growth factor) 249 
fibrinogen 319 
fibroblast growth factor see FGF 
fibronectin 317, 325, 328 
FK506 154, 388 
FKBP 388 
FKBP12 154, 155, 361, 369 
FKHRL 326 
FLASH 339 
fMLP (formyl-Met-Leu-Phe) 354 
focal adhesion complexes 235, 328-329, 329 
focal adhesion kinase see FAK 
follicle stimulating hormone see FSH 
forskolin 117 
adenylyl cyclase activation 109, 112, 116 
Fos 208, 209, 271, 272, 276 
FRAP/mTOR 308 
FSH (follicle stimulating hormone) 20, 22, 195 
Fura2 151, 152 
Fyn 286, 294, 329 
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G1 phase 233, 233, 234, 235-236, 235, 236 
G2 phase 233, 233, 237-238, 237 
checkpoint 243, 244 
G kinase (cyclic GMP-dependent kinase) 178 
G-proteins 42, 72 
activation without subunit dissociation 95-100, 100 
a-subunits 72, 77, 95-96, 109 
adenylyl cyclase interaction 80, 96, 109, 110, 
112, 113 
By-subunit interactions 80, 84, 109 
diversity 79-80, 79 
expression patterns 80 
functions 78, 80 
sites interacting with membranes/ proteins 
80-82 
structural studies 81-82, 81 
By-subunits 72, 82-85, 95-96 
functions 84 
negative feedback signals 84-85 
signal transmission 83-84 
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GTPase cycle 74-75, 74 
heterotrimeric 73-74, 73 
post-translational modifications 82, 82, 83 
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oncogene products 85-86 
phototransduction 130, 131 
PLCB activation 123-124 
receptor affinity modulation 76, 77 
7TM receptor linkage 72, 73, 99 
GABA (y-aminobutyric acid) 24 
GABA receptors 42, 50, 56 
GABAA receptors 42 
GABAB receptors 42, 51 
heterodimers 61 
GABAC receptors 42 
gag 86 
y-aminobutyric acid see GABA 
gap junctions 165 
GAP-43 200 
gastrin 19, 20 
GCAP (guanylyl cyclase activating protein) 136 
GEFs (guanine nucleotide exchange factors) 95, 
197 
gelsolin 180, 337 
geranylgeranyl groups, G-protein subunit post- 
translational modification 82, 83 
GH (growth hormone) see somatotropin 
glucagon 20, 62 
receptor binding 55 
gluconeogenesis 71 
glucose transport 307 
GLUT4 307 
glutamate 19, 24, 133 
glutamate receptors 42, 56 
iGlu 4, 42 
ion channel linkage 50-51, 158 
mGlu 42, 51 
homodimers 62 
glycine 24 
glycine receptors 50 
glycogen metabolism, PP1 regulation 386-388, 386, 
387 
glycogen phosphorylase 191, 191 
glycogen synthase 175, 307, 308, 386, 387 
glycogen synthase kinase see GSK 
glycogen synthesis 107-108, 108, 306-307 
glycogenolysis 107, 108, 175, 176, 191-192, 191, 386, 
387 


glycogenolytic hormones 299 

glycosaminoglycans 324 

GM1 118, 119 

GM-CSF (granulocyte-monocyte colony-stimulating 
factor) 23, 349 

GnRH (gonadotrophin-releasing hormone) 3 

granulocyte-monocyte colony-stimulating factor see 
GM-CSF 


Grb2 (growth factor receptor binding protein-2) 
269, 277, 287, 329 
growth factors 22, 225-251 
multiple effects 19, 22 
nomenclature 232 
growth hormone (GH) see somatotropin 
GSK (glycogen synthase kinase) 175, 209 
GSK-3B 307, 333 
GTP 71, 72 
stable analogues 76, 76 
GTP-binding proteins 2, 71-100 
subunits 72 
terminology 72-73 
7TM receptor signalling 54 
GTPase 72, 90-91 
activation mechanisms 93-95, 94 
GTP/GDP cycle 74-75, 74 
regulation 75-76 
GTPase activating G-protein see IRA 
guanine nucleotide exchange factors see GEFs 
guanylyl cyclase activating protein see GCAP 
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haemopoetic growth factor receptors 381 
haloperidol 61 
helper T lymphocytes 284, 285, 288 
hepatocyte growth factor 328 
heterologous desensitization 85, 85 
histamine 20, 23, 212 

receptor binding 55 
histones 237, 238 
HIV (human immunodeficiency virus) 352 
homologous desensitization 85, 85 
hormones 2, 19, 20, 21 

cellular response measurement (EC50) 27, 29 
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multiple effects 19 

receptor binding 25-26 
HsEg5 238 
human immunodeficiency virus see HIV 
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5-hydroxytryptamine see serotonin 


ICAD (inhibitor of capsase activated DNAase) 336 
ICAM (intercellular adhesion molecule) 285, 318, 
319, 349, 351 
ICAM-1 352 
ICRAC 158, 161 
IgE-R (IgE high affinity receptor) 183 
signalling pathways 288-289, 289 
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IL-2 (interleukin-2) 213, 285, 288 
IL-2 (interleukin-2) receptor 283 
IL-3 (interleukin-3) 249 


IL-6 (interleukin-6) 288, 349 
IL-8 (interleukin-8) 349 
immunoglobulin receptors 161, 283 
immunoglobulin superfamily 318-319, 318 
immunophilins 154, 388, 389 
immunoreceptor tyrosine-based activation motifs 
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InaC 207, 208 
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inflammation 23, 345-349, 346, 347 
eicosanoid actions 23 
PKC 212-217 
inflammatory mediators 345, 347, 348 
inhibitor of capsase activated DNAase see ICAD 
INK4 (inhibitor of cyclin-dependent kinase-4) 240, 
241, 242 
inositol lipid cycle 179, 180 
inositol-1,4,5-triphosphate see IP3 
insulin 3, 19, 20, 22, 299, 310 
adenylyl cyclase activation 62 
glucose transport activation 307-308 
glycogen synthase activation 306-307, 308 
insulin receptor interaction 28, 306 
PKB activation 307 
insulin receptor 4 
activation 259, 262 
PI 3-kinase activation 306, 306 
signalling 299-300 
insulin receptor substrates see IRS 
insulin stimulated protein kinase see ISPK 
insulin-derived growth factor see IGF 
insulin-like growth factor 1 (IGF1) seesomatomedin 1 
insulin-like growth factor 2 (IGF2) seesomatomedin 2 
insulin-stimulated protein kinase see ISPK 
integrins 249, 317, 318, 319-320, 319, 320, 325, 328, 
329 
leukocyte trafficking 351, 352-353 
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interferona-receptor see INFa-receptor 
interferons 23, 290-291 
interleukin-2 see IL-2 
interleukin-3 see IL-3 
interleukin-6 see IL-6 
interleukin-8 see IL-8 
interleukins 23 
intermediate filaments 331 
interphase 233 
intracellular (second) messengers 25 
inverse agonists 59, 60, 60, 61, 76, 77 
ion channel-linked receptors 42-51 
ion channels 
cyclic AMP regulation 197 
cytosolic Ca?* elevation 153 
patch clamp studies 44-46, 45 
site-specific blocking 48 
ionomycin 150 


IP3 (inositol-1,4,5-triphosphate) 25, 120, 122, 216, 
261, 265, 285 
intracellular Ca** mobilization 154-157, 167 
IP3 receptor 154, 155, 156 
calcium channel regulation 156, 159, 166, 167, 
167, 184 
isoforms 155, 156 
IRA (GTPase activating G-protein) 108 
IRS (insulin receptor substrates) 306 
IRS-1 306 
isoprenaline (isoproterenol) 35-36, 37, 62 
ISPK (insulin stimulated protein kinase) 385 
ITAMs (immunoreceptor tyrosine-based activation 
motifs) 286 


JAK2 (Janus-kinase-2) 293, 294, 380-381 

JNK (Jun N-terminal kinase) 210, 272, 274 
apoptosis induction 327-328, 328 

JNK-1 (Jun N-terminal kinase-1) 209 

Jun 208, 209, 265, 271, 272 
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kinases 25 

kinetochore 238, 244, 245 
KIP/CIP 240, 241-242 


L-selectin 323, 354 
L-type Ca?* channels 157 
lambda-PKC interaction protein see LIP 
lamin 238, 337 
large T-antigen 243, 250, 251 
LAT (linker for activation of T-cells) 287, 290 
LC20 238 
Leck 285, 286, 376, 377 
Let-60 268 
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leukaemia 225-226, 226, 293 
leukocyte common antigen see CD45 
leukocytes 
adhesion/extravasion 345, 352-353, 354, 354, 
355 
inflammatory response 212, 345 
protection from apoptosis 326 
trafficking 345-355 
leukotriene LTB4 288 
leukotrienes 23 
LFA-1 (lymphocyte function-associated antigen-1) 
285, 317, 318 
LH (luteinizing hormone) 20 
LH receptors 194 
ligands 
extracellular first messengers 19, 20 
receptor interactions 14-16 
binding 25-29 
linker for activation of T-cells see LAT 
LIP (lambda-PKC interaction protein) 205 
lipid microdomains 290 
LPA (lysophosphatidic acid) 204, 205 
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M phase 233, 233 
checkpoint 234, 244-245, 245 
see also mitosis 
Mac-1 215, 316, 318 
mad 365 
Mad1 244 
Mad2 244 
MadCAM 319 
major histocompatibility complex see MHC 
MAP kinase (mitogen activated protein kinase) 209, 
210, 270-271, 270 
negative regulation 379-380, 380 
MAP kinase phosphatase-1 see MKP-1 
MAP kinase-ERK kinase see MEK 
MAP kinase-integrating kinase-1 see Mnk1 
MAP kinase-related proteins 273-275, 274, 275 
MARCKS 200 
mast cells 23, 158, 212, 288, 289 
mastoparan 289 
MEK (MAP kinase-ERK kinase) 271 
MEKI1 407 
MEKK 350 
melanin 132 
metabotropic receptors 42, 56-57 
metastasis 249, 322 
metoprolol 36, 37 
Mg?* 147-148 
free 148, 149 
MH 1 365, 370 
MH2 365, 370 
MHC (major histocompatibility complex) 283, 
285 
microfilaments 180 
middle T-antigen 257 
mitogen activated protein kinase see MAP kinase 
mitosis 233, 238-240, 239 
see also M phase 
MKP-1 (MAP kinase phosphatase-1) 379-380, 380 
MLCK (myosin light chain kinase) 184, 275 
Mnk1 (MAP kinase-integrating kinase-1) 272, 273 
monoclonal antibodies 316-317 
muscarine 39, 40, 41 
muscarinic receptors 39, 40, 42 
acetylcholine interaction 40, 55 
antagonists 40, 41 
G-protein signalling 42, 51, 83-84 
subtypes 40, 41 
myc 271 
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myosin II light chain see LC20 
myosin light chain kinase see MLCK 
Mytl kinase 237, 238 


N-Ras 86 
NAADP (nicotinic acid adenine dinucleotide 
phosphate) 159, 160-161, 160 
NADPH oxidase, respiratory burst 214-215, 215, 
216 
NCAM (neuronal cell adhesion molecule) 316, 317, 
318, 319 
nerve growth factor see NGF 
neurite outgrowth 315 
neurofibromatosis type 1 94 
neurofibromin 94, 95 
neuromodulators 19 
neuromuscular junction 
acetylcholine actions 38, 40 
nicotinic receptors 40, 42-43, 43 
subunits 44, 45 
neuronal cell adhesion molecule see NCAM 
neuropeptides 24 
neurotransmitters 10-12, 21, 24 
Ca?* signalling 181-182 
mutiple effects 19 
neutral antagonists 60 
neutrophils 
antimicrobial defences 213, 214 
respiratory burst 213-215, 215 
inflammatory response 213 
NF194 
NF-KB (nuclear factor xB) 349, 350, 351 
NF-AT 287, 288, 309, 388, 390 
NGF (nerve growth factor) 227-230 
nicotine 15, 16, 39, 41 
nicotinic acid adenine dinucleotide phosphate see 
NAADP 
nicotinic receptors 39, 40 
acetylcholine interactions 38, 49 
a-bungarotoxin-mediated inactivation 43-44 
antagonists 40, 41 
desensitization 49-50 
electron microscopy 49, 50 
ion channel function 42-50 
patch clamp studies 44-46, 45 
sarcolemma 182 
subunits 44-45, 45, 51 
membrane spanning sequences 47-49, 48, 49 
sequence homologies 44-45, 46, 47 
nifedipine 157 
NIK 350 
nitric oxide see NO 
nitric oxide synthase see NOS 
NLS (nuclear localization sequence) 388 
NMDA, glutamate receptor activation 158 
NO (nitric oxide) 177, 178 


non-receptor protein tyrosine kinase family 
283-284, 284, 294, 294 

noradrenaline (norepinephrine) 9, 10, 19, 20, 22, 33, 34 
adenylyl cyclase activation 63 

NOS (nitric oxide synthase) 177-178, 309 

nuclear factor xB see NF-KB 
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occludin 331 
odorant substances, receptor interactions 54, 197 
oestradiol 2 
okadaic acid 190, 195, 384 
olfactory cell ion channels 197 
oncogenes 208, 292-294 
non-viral 293-294 
tyrosine kinase signal transduction components 
293 
viral 292-293 
opiate receptors 99 
homodimers 62 
opsin 61, 127, 139 
opsonization 215 
organophosphorus compounds 39, 58 
organotherapy 5-8 
osteopontin 317 
oxytocin 20, 24 
oxytocin receptor, progesterone actions 61, 76 
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p21MFVclP! 21], 241, 242, 246, 330, 370 
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p275! 241, 242, 246 
p38/HOG pathway 274 
p4788-Tk 262-263, 263 
p47Phox 215 
p53 242-243, 249, 250 
p57? 241, 246 
p67P« 215, 216 
phosphorylation 215-217 
p675*¥ 271 
p67" 271 
p70 S6-kinase 307 
p107 235, 236 
p120°? see Ras-GAP 
p130 235 
P-glycoproteins 112 
P-selectin 323, 351, 354 
PAK (p21-activated protein kinase) 337 
PAR receptors (proteinase activated receptors) 58 
paracrine agents 19 
parathyroid Ca?*-sensing receptors 56 
parathyroid hormone see PTH 


partial agonists 59 
patch clamp studies 42, 44-46, 45 
PCNA (proliferating cell nuclear antigen) 241 
PDGF (platelet derived growth factor) 22, 249 
historical aspects 230-231 
protein kinase B activation 307 
PDGF receptor, activation 259, 261, 262, 265, 271 
PDK] (3-phosphoinositide dependent protein 
kinase-1) 305, 310 
Pds1 238, 245 
PECAM 319 
pertussis toxin 80, 116-119, 118, 197 
PH (pleckstrin homology) domains 398-399, 400, 401 
phagocytosis 213, 215 
phentolamine 63 
phenylephrine 36, 37 
phorbol esters 199, 201 
inflammatory activity 212-215, 213 
tumour promoting activity 208 
phorbol myristate acetate see PMA 
phosphatases 25, 175 
phosphatidylinositol 3-kinase see PI 3-kinase 
phosphatidylinositol 4,5-bisphosphate see PI(4,5)P2 
phosphatidylinositol see PI 
phosphodiesterase, Ca?*-calmodulin-sensitive 
176-177 
3-phosphoinositide dependent protein kinase-1 see 
PDK1 
phospholipase A2 see PLA2 
phospholipase C see PLC 
phospholipase D see PLD 
phospholipases 120-121, 120 
phosphorylase 189, 190, 191, 192, 387 
phosphorylase kinase 175, 191, 275, 386 
phosphorylation reactions 25, 31, 189-217 
adenylyl cyclase regulation 115, 191 
cyclic AMP signal amplification 191-192 
glycogenolysis 175 
p67" by PKC 215-217 
protein kinase activity regulation 407, 407 
PKC 200, 202, 203 
receptor downregulation 49, 50, 84, 85, 85 
photoreceptors 
cells 130-135 
dark current 133, 134 
development in Drosophila 266-268, 267, 268 
function 130-135 
signal amplification 133 
sensitivity 127-128, 129 
phototransduction see visual transduction 
PI (phosphatidylinositol) 119, 120, 122, 301 
PI-3,4-P2 204 
PI-3,4,5-P3 121, 204, 205, 300, 301, 303 
dephosphorylation 382-383 
protein kinase B activation 305, 305 
PI(4,5)P2 (phosphatidylinositol 4,5-bisphosphate) 
42,119, 120, 120, 121, 123, 154, 262, 300, 303 
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activation by insulin receptor 306, 306 
activation pathways 304, 304 
glucose transport activation 307 
inhibition studies 303 
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protein synthesis regulation 307-308, 309 
PICKs 205 
pilocarpine 15 
pindolol 37, 60 
PIP2 see PI(4,5)P2 (phosphatidylinositol 4,5- 
bisphosphate) 
pirenzepine 40 
PKA (protein kinase A) 31, 84, 85, 175, 192-193, 
406-407, 406 
activation by cyclic AMP 192-193, 193 
ERK activation 196-197 
glycogen metabolism 386 
phosphorylation 49, 185, 191, 193 
adenylyl cyclase regulation 112, 115, 191 
transcription regulation 194-196 
PKB (protein kinase B) 300, 304-305, 310, 311, 326, 
352 
insulin activation 307 
PDGF activation 307 
PI(3,4,5)P3 activation 305, 305 
subtypes 304, 305 
PKC (protein kinase C) 31, 198-204 
activation 120, 179, 199, 202-204, 203, 261, 407 
DAG (diacylglycerol) 198, 199, 201, 203, 203, 
204-205, 204 
anchoring proteins 205-206, 206 
cell transformation 208-212 
inflammation 212-217 
integrin activation 352 
respiratory burst regulation 215-217, 216 
isoforms 199, 199 
differential localization 205 
overexpression in transformed cells 211-212, 
212 
phosphorylation 49, 198-199 
adenylyl cyclase regulation 112, 115 
pseudosubstrates 202 
SRE activation 210, 211 
structural domains 201-202, 201 
TRE activation 208-209, 209, 210 
PKC (protein kinase C) family 199-201, 199, 200 
PLA2 (phospholipase A2) 84, 121 
plakoglobin 322 
plasma membrane 2 
lipid raft hypothesis (microdomains) 289-290 
Na*fCa?* exchangers 149 


Signal Transduction 


plasma membrane (Contin.) 
voltage-operated Ca** channels (VOCCs) 157 
platelet derived growth factor see PDGF 
platelets 23 
thrombin activation 58 
PLC (phospholipase C) 42, 84, 119-125 
domain organization 121, 123, 124 
intracellular Ca** mobilization 153, 154 
IP3 formation 121 
isoenzymes 121, 123 
phototransduction mechanisms 130 
regulation 123-125 
PLCB 75, 121, 122, 123, 124 
G-protein a-subunit activation 80 
G-protein-coupled activation 123-124 
PLCy 121, 122, 123, 124 
activation 124-125, 261 
T cell activation 285, 287 
PLCô 121-122, 123, 124 
PLD (phospholipase D) 121, 161 
pleckstrin homology domains see PH domains 
PLK1 (polo-like protein kinase) 243 
PMA (phorbol myristate acetate; TPA) 199, 199, 208, 
212 
pocket-proteins 235, 242 
polo-like protein kinase see PLK1 
polyoma virus 257 
POMC (pro-opiomelanocortin) 4 
PP1 (protein phosphatase-1) 195, 196, 384, 384 
glycogen metabolism regulation 386-388, 386, 387 
PP1G (protein phosphatase-1G) 307, 384, 386, 387 
PP2A 384, 387 
PP2B see calcineurin 
PP2C 384 
pp60*" 294 
PPM serine-threonine phosphatases 385, 385 
PPP serine-threonine phosphatases 385, 385 
practolol 36 
prenylation, G-protein subunit post-translational 
modification 82, 83 
pro-opiomelanocortin see POMC 
progesterone 20, 24, 25, 61 
prolactin 4 
prolactin receptors 284 
proliferating cell nuclear antigen see PCNA 
propranolol 36, 37, 55, 60 
prostaglandin E2 23, 24, 58 
prostaglandins 20 
adenylyl cyclase activation 62 
proteasome 246 
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identification 394 
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protein kinases 403-409 
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protein kinase A see PKA 
protein kinase B see PKB 
protein kinase C see PKC 
protein kinases 189 
domain organization 403-409 
kinase activity 404-407, 405, 406 
structure 403-404, 404 
regulation by phosphorylation 407, 407 
protein phosphatase 1 see PP1 
protein phosphatase 1G see PP1G 
protein serinefthreonine kinases 359-370 
protein synthesis regulation 
ERK (extracellular signal regulated protein kinase) 
272-273, 273 
PI 3-kinase 307-308, 309 
protein tyrosine kinases see PTKs 
protein tyrosine phosphatases see PTPs 
proteinase activated receptors see PAR receptors 
protohormones 2-4 
PTB/PID domains 263, 306, 396, 397 
PTEN 249, 381-383, 383 
PTH (parathyroid hormone) 20 
PTKs (protein tyrosine kinases) 190 
non-receptor 283-295 
PLCy activation 124, 263 
signal transduction pathway 265 
receptor 257-279 
PTPC 340 
PTPs (protein tyrosine phosphatases) 373-383 
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role in signal transduction 376-378 
transmembrane receptor-like 374-375 
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functions 91-92, 92 
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GTPase activation mechanism 93-95, 94 
regulation pathway 269-270 
signalling pathway 266 
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subfamilies 86-87 
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domain organization 93, 93 
Ras-MAP kinase pathway 270-271, 270 
Rb protein 242-243, 249, 250 
Rb110 235, 236, 241 
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ligand binding 58-59 
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down-regulation 30-31 
effector enzymes 62-63, 63, 64 
experimental approaches 63-65, 65 
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ligand interactions 58-62 
competitive binding 36, 38 
modulation by G-proteins 76, 77 
metabotropic 42, 56-57 
overexpression 60-61 
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tyrosine kinase-linked see tyrosine kinase-linked 
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recoverin 179-180 
regulators of G-protein signalling see RGS 
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respiratory burst 213-215, 215, 317, 352 
PKC regulation 215-217, 216 
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11-cis-retinal 130, 132, 133 
light-induced isomerization 137, 138 
rhodopsin interaction 54 
retinoblastoma 242 
RGD motifs 318 
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Rho 86, 300, 352 
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salbutamol 36, 37 
SAPK (stress activated protein kinase) 274 
SARA 369 
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sarcoplasmic reticulum see SR 
Sarin 49 
scatter factor 328 
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schizophrenia 61 
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senescent cells 234 
serine esterase inhibitors 39 
serine esterases 58 
serine-threonine kinases 359-370 
serine-threonine phosphatases 383-390 
classification 385, 385 
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serotonin (5-hydroxytryptamine) receptors 42, 50 
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SH2 domain 124, 260, 262, 263, 264, 268, 269, 286, 
287, 288, 294, 301, 326, 376, 395-396, 395, 
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